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Executive Summary 1 

 2 

Chicken and turkey are major sources of animal protein in the United States. Per capita chicken 3 

consumption increased from 77.4 lb. in 2000 to a projected 99.6 lb. in 2023, with processed and cut-up 4 

chicken parts comprising the majority of purchases, whereas beef has declined from 67.5 lb. to an 5 

estimated 55.8 lb. during the same period (117).  Of the estimated over 1 million cases of foodborne 6 

salmonellosis acquired annually in the US, over 24% are attributed to consumption of chicken and 7 

turkey products (Figure 1) (86, 133). Although Salmonella is killed by adequate cooking, undercooking 8 

(e.g., in raw breaded or stuffed chicken products), and cross contamination with other ready-to-eat 9 

foods in the refrigerator or during preparation are contributing factors to transmission of this pathogen. 10 

Therefore, FSIS instituted Salmonella performance standards for raw poultry carcasses, chicken parts 11 

 
1 Participating agencies include the U. S. Department of Agriculture, Food Safety and Inspection Service; 
U.S. Department of Health and Human Services, Food and Drug Administration, and Centers for Disease 
Control and Prevention; U.S. Department of Commerce, National Marine Fisheries Service; and U.S. 
Department of Defense, Veterinary Service Activity. 
Disclaimer: Mention of trade names or commercial products in this publication is solely for the purpose 
of providing specific information and does not imply recommendation or endorsement by the U. S. 
Department of Agriculture and other participating agencies. 
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and raw comminuted poultry products. Since their implementation, data revealed a steady decline in 12 

Salmonella prevalence. For example, prevalence on chicken parts (legs, breast and wings) decreased 13 

75% over an 8-year period from 2012 to 2020 (211). Furthermore, Salmonella Typhimurium and 14 

Heidelberg infections associated with poultry have declined in the past two decades, likely due to the 15 

use of group B Salmonella poultry vaccines on broiler farms and other interventions. Notwithstanding 16 

this reduction of Salmonella prevalence in poultry products, there has not been a concomitant reduction 17 

of overall Salmonella illnesses (Figure 2) (26) nor in the proportion attributed to poultry from outbreak 18 

data (Figure 1)(86). Meanwhile, the proportion of illnesses associated with serotypes Enteritidis and 19 

Infantis have increased (211). 20 

 21 

NACMCF reviewed the scientific evidence on Salmonella control in the US and abroad, foodborne illness 22 

surveillance data, quantitative microbial risk assessments, and microbiological testing of indicator 23 

organisms vs. Salmonella on poultry throughout the farm to fork continuum. Based on this information, 24 

this document seeks to provide guidance to FSIS and the poultry industry on what types of 25 

microbiological criteria might be used to identify and incentivize effective intervention strategies pre- 26 

and postharvest to reduce in Salmonella in poultry products and thereby prevent 27 

human Salmonella infections associated with these products.  28 

 29 

The infectious dose of Salmonella vary widely between serotypes (168).  Recent data suggest that most 30 

poultry-associated outbreaks in the US involve Enteritidis, Typhimurium, I:4,5,12:i:-, Infantis and 31 

Heidelberg, and even fewer serogroups:  groups O:4 (formerly group B), O:7 (group C1), and O:9 (group 32 

D1). In live poultry, serovars Infantis and Typhimurium are predominant in the Atlantic region, whereas 33 

a higher proportion of serovar Schwarzengrund are found in the Southeast, with the exception of the 34 

state of Georgia, which has higher proportion of Kentucky. Vaccination against specific serotypes, such 35 

as S. Typhimurium, are common among US broiler breeders, a strategy which has reduced the incidence 36 

of contamination of that serotype (110).  However, vaccine development takes years and lags behind 37 

the shifting of predominant serotypes found in flocks.  Other US preharvest management practices 38 

include competitive exclusion, controlling quality of feed, biosecurity, moisture control in the barns, and 39 

clean transport coops. Microbial testing (qualitative testing) for total Salmonella at breeder or broiler 40 

farms can be focused on environmental samples (boot or drag swabs) and cecal testing (14); however 41 

sufficiently sensitive tests and specific serotype testing is needed to determine if any changes are 42 

required for overall Salmonella control that are most often associated with human illness.  One 43 

suggestion is that based on results from microbial testing at farms, highly contaminated birds can be 44 

targeted for logistic slaughter (scheduling) or other interventions. However, value of this approach for 45 

scheduling purposes has not yet been realized (123, 139).  46 

 47 

As noted above, the relative number of infections in the US caused by Typhimurium and Heidelberg 48 

have declined during the past 20 years (26). This decrease corresponds to the use of a commercial 49 

poultry vaccine against S. Typhimurium, which may also deliver cross protection against Heidelberg 50 

(112), targeted environmental testing to develop strategic management programs, as well as 51 

implementing other intervention strategies.  While progress has been made against these two 52 

serotypes, overall cases of salmonellosis attributed to poultry remain unchanged with Enteritidis, 53 

Typhimurium, Infantis, and I:4,5,12:i:- accounting for 83% of the chicken associated illnesses. These data 54 
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suggest that alternate methods for control of Salmonella or detection that do not rely solely on serotype 55 

may be needed. While vaccines are effective serotype-specific intervention strategies, other methods 56 

need development to reduce carriage of Salmonella in the bird. Furthermore, attribution data does not 57 

specifically identify whether sources of Salmonella were whole carcasses, parts, comminuted product, 58 

or breaded raw poultry products.  More granular data will help determine if all poultry products pose 59 

the same risk and allow a targeted management program. 60 

 61 

Indicator organisms such as Enterobacteriaceae (Eb) or aerobic plate counts (APC) have been used by 62 

the industry as gauges of process control and to measure the microbial reduction from carcasses at 63 

slaughter to post chill (209).  However, some studies have shown that populations of these indicators 64 

are not directly correlated to populations of Salmonella (16, 48, 150).   Because of the conflicting and 65 

apparent weak correlation between indicators and either the presence or level of Salmonella post-66 

carcass wash (209, 210), one approach is to base microbiological criteria on Salmonella enumeration.  67 

Microbial risk assessments suggest that diverting ground turkey product above a set threshold of 68 

Salmonella colony forming units (CFU) per gram, compared to current protocols i.e. not diverting, is 69 

expected to remove product from the market that has higher chances of causing infection and may 70 

therefore reduce illness (95). Such threshold would need to be linked to health-based targets. This 71 

concept is currently used by industry whereby poultry used in breaded and stuffed raw chicken product 72 

are enumerated for Salmonella by quantitative PCR (qPCR) not targeting specific serotypes.  qPCR 73 

presents logistical advantages over MPN (most probable number) methods due to its relatively rapid 74 

time to detection and therefore, more actionable (such as diverting product to high pressure 75 

pasteurization or cooking) during a production day. However, qPCR methods must have high sensitivity 76 

to consistently detect Salmonella levels at the ranges most often seen in poultry products. 77 

 78 

In October 2022, USDA announced that they will be proposing a revised regulatory framework to reduce 79 

Salmonella infections linked to poultry products (200).  The key components include requiring that 80 

incoming flocks be tested for Salmonella before entering an establishment, that establishments enhance 81 

process control monitoring, and that the agency implements an enforceable final product standard. 82 

Quantitative risk assessments paired with additional data, perhaps including historical data collected by 83 

industry, are needed to better establish if quantification specifically of highly pathogenic serotypes, 84 

rather than including all Salmonella serotypes¸ as a performance standard could be more effective in 85 

diverting more products that have higher infectious potential, compared with the current approach, and 86 

thus reduce salmonellosis in the US. Independently from the type of MC, ensuring that mitigating 87 

actions triggered by the MC are implemented is key to its effectiveness. 88 

 89 

¢ƘŜ /ƻƳƳƛǘǘŜŜΩǎ ǊŜǎǇƻƴǎŜǎ ǘƻ ǘƘŜ ŎƘŀǊƎŜ ǉǳŜǎǘions are based on the information available at the time 90 

of writing.  The Committee identified a multitude of data gaps that could affect findings and 91 

recommendations to FSIS, including the need for completion of the two quantitative risk assessments 92 

for chicken and turkey that are in progress (196). These risk assessments will evaluate the public health 93 

impact (change in illnesses, hospitalizations, and deaths) achieved by eliminating a proportion of poultry 94 

or poultry products that are contaminated with specific levels of Salmonella and/or 95 

specific Salmonella subtypes. The risk assessments will also explore the public health impacts of various 96 

monitoring and enforcing process control methods, from the re-hang to post-chill stages. Finally, the risk 97 
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assessments will address the public health impact of implementing combinations of the aforementioned 98 

risk management strategies.  99 

 

RECOMMENDATIONS: 100 

1. Collect appropriate data to refine food attribution models and determine which form(s) of raw 101 

poultry exposure (e.g., consuming processed, parts, whole carcasses, handling live poultry, 102 

exposure to poultry manure, etc.) and food handler practices that contribute most to salmonellosis 103 

associated with chicken and turkey. 104 

2. Expand systematic sampling for Salmonella levels, prevalence, and serotypes on poultry pre-105 

harvest (hatcheries, feed, broiler houses) and FSIS post-harvest sampling (slaughter through 106 

processing).  Prioritize product lines that historically are more frequently contaminated, which are 107 

not further processed using a validated lethality step, and have been linked to illness such as 108 

comminuted poultry products, chicken parts/pieces, and breaded stuffed raw chicken products, to 109 

identify Salmonella levels and the evolution of predominant serotypes. 110 

3. Incentivize industry to deposit data (anonymized, non-punitive) on levels of indicator organisms 111 

and Salmonella prevalence, concentration, and serotypes found at various stages of processing 112 

(pre-harvest through final product) along with practices that may mitigate contamination.  113 

a) Analyze data to identify alternate process control indicators and to use in risk assessments 114 

to update performance standards. 115 

b) Analyze data to determine how non-Salmonella quality indicator sampling (perhaps other 116 

than APC) could be established that would provide guidance to companies on how to 117 

identify houses that have a higher probability of Salmonella contamination and how to 118 

modify mitigation strategies accordingly. 119 

4. Frequently (e.g., every 2-3 years) compare the serotypes that are isolated from patients with those 120 

isolated from poultry products to determine if intervention strategies used by the industry are 121 

effective against all Salmonella equally or are selecting for specific serotypes. 122 

5. Develop and validate quantitative testing methods to determine if and how testing and processing 123 

adaptations can reduce the likelihood that carcasses and parts with higher levels of Salmonella (or 124 

serotypes) that are most capable of causing illness are released into commerce. 125 

6. Complete risk assessments for chicken and turkey to assesses public health impacts of different 126 

risk-based Salmonella control strategies, including qualitative and quantitative performance 127 

standards possibly complemented by serotype identification.  128 

7. Upon completion of the risk assessments, consider developing changes to performance standards 129 
based on the findings of the risk assessments. 130 

8.  Incentivize industry to develop, validate, and universally implement robust Salmonella mitigation 131 

programs and qualitative Salmonella testing at the breeder, hatchery, grow out, and transport levels. 132 

Target conditions in houses, transport crates, and holding areas that harbor and transmit Salmonella by 133 

universal implementation of known and validated mitigation strategies. 134 

9. Due to extensive data gaps identified by the Committee, the agency should reevaluate this 135 

document within three to five years after appropriate data has been collected and risk assessments are 136 

complete.   137 
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CHARGE FROM USDA-FSIS TO NACMCF 138 

According to the Centers for Disease Control and Prevention (CDC), Salmonella is responsible for 139 

approximately 1.35 million cases of foodborne illness each year in the United States. The U.S. 140 

Department of Agriculture (USDA) Food Safety and Inspection Service (FSIS) has established qualitative 141 

performance standards to limit the occurrence of Salmonella in poultry products (i.e., carcasses, parts, 142 

and comminuted products). The goal of these performance standards is to allow FSIS to verify each 143 

ǊŜƎǳƭŀǘŜŘ ŜǎǘŀōƭƛǎƘƳŜƴǘΩǎ ŎƻƴǘǊƻƭ ŦƻǊ ǘƘƛǎ ǇŀǘƘƻƎŜƴ ƛƴ Ǌŀǿ ǇǊƻŘǳŎǘǎ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǎƭŀǳƎƘǘŜr process, 144 

and, by meeting these standards, achieve national food safety goals. Over the past 25 years, there have 145 

been significant reductions in the proportion of poultry contaminated with Salmonella, but no 146 

meaningful reduction in human Salmonella infections attributed to poultry products (213). Therefore, 147 

FSIS is seeking guidance on how to improve the current system for reducing Salmonella in poultry to 148 

better protect public health.  149 

 150 

In 2019, the National Advisory Committee on Microbiological Criteria for Food (NACMCF) recommended 151 

that FSIS move toward risk-based disposition of finished raw poultry product, informed by Salmonella 152 

amount and serotype (115). Since then, several studies suggest that setting microbiological criteria (e.g., 153 

performance standards) to limit the amount of Salmonella in products and/or to address serotypes 154 

more frequently associated with foodborne illness would better protect public health than the current 155 

approach. In addition, several studies have demonstrated the feasibility of developing quantitative 156 

microbiological criteria based on a change in the concentration of indicator organisms correlated to 157 

Salmonella occurrence. These findings, along with new technologies and advancements in rapid 158 

quantification of pathogens in products, present opportunities for FSIS to enhance the microbiological 159 

criteria it establishes to measure industry control of Salmonella in poultry products. FSIS seeks input 160 

from the NACMCF on the best options for using quantification and/or particular pathogen 161 

characteristics, along with a relevant pathogen indicator, to enhance its microbiological criteria and 162 

reduce Salmonella illnesses attributed to poultry products consumed in the U.S. 163 

 164 

BACKGROUND 165 

Salmonella ōŀŎǘŜǊƛŀ ŀǊŜ ŀ ƭŜŀŘƛƴƎ ŎŀǳǎŜ ƻŦ ŦƻƻŘōƻǊƴŜ ƛƭƭƴŜǎǎΦ !ŎŎƻǊŘƛƴƎ ǘƻ /5/ ŜǎǘƛƳŀǘŜǎΣ Salmonella is 166 

responsible for approximately 1.35 million illnesses, 26,500 hospitalizations, and 420 deaths every year 167 

in the United States. Using weighted outbreak data from 1998ς2018, the Interagency Food Safety 168 

Analytics Collaboration, a joint effort between CDC, the U.S. Food and Drug Administration, and USDA, 169 

estimates that over 20 percent of foodborne salmonellosis is attributed to poultry products (86).  170 

 171 

FSIS established limits, referred to as performance standards, on the occurrence of Salmonella in poultry 172 

products as part of the Pathogen Reduction, Hazard Analysis and Critical Control Point (PR/HACCP) 173 

Systems Final Rule. These standards were designed to improve food safety, reducing the risk of 174 

foodborne illness, and enable FSIS to verify process control. Process control is a defined procedure or set 175 

of procedures designed by an establishment to provide control of those operating conditions that are 176 

necessary for the production of safe, wholesome food. The procedures typically include some means of 177 

observing or measuring system performance, analyzing the results generated in order to define a set of 178 

control criteria, and taking action when necessary to ensure that the system continues to perform 179 

within the control criteria. FSIS has since updated those original performance standards. FSIS relies on 180 
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qualitative (presence/absence) pathogen sampling data to apply performance standards 181 

for Salmonella in poultry products. These standards are based on quantitative microbiological risk 182 

assessments (55, 214) and are designed to achieve the national food safety goals. The Healthy People 183 

2020 food safety goal was a 25 percent reduction in foodborne Salmonella illnesses, to achieve fewer 184 

than 11.5 Salmonella infections per 100,000 population per year. In 2020, the case rate 185 

for Salmonella infection was 13.3 per 100,000 population (140). FSIS has proposed performance 186 

standards for beef products and intends to propose performance standards for pork products.  187 

 188 

Since the implementation of Salmonella performance standards for poultry, FSIS has measured a 189 

substantively lower occurrence of this pathogen in raw poultry products, but the incidence of human 190 

illness associated with consumption of poultry products has not decreased (211). FSIS is interested in 191 

developing microbiological criteria (i.e., an alternative type of performance standard(s)) that will result 192 

in a substantively reduced level of human illness from Salmonella in poultry. FSIS is considering 193 

microbiological criteria such as the quantity of Salmonella in products, and the presence 194 

of Salmonella serotypes more frequently associated with human illness, rather than presence/absence 195 

of any Salmonella. Criteria could be set at various points in the food safety system to better assess 196 

industry control over Salmonella in these products, for example, prior to establishment interventions 197 

ŀƴŘ ŀŦǘŜǊ ŜǎǘŀōƭƛǎƘƳŜƴǘ ƛƴǘŜǊǾŜƴǘƛƻƴǎΣ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ƻŦ ŀƴ ŜǎǘŀōƭƛǎƘƳŜƴǘΩǎ Ŧƻƻd safety 198 

system in mitigating Salmonella in products during the slaughter process.  199 

 200 

Several recent studies showed a correlation between indicator organisms and Salmonella in poultry. 201 

Specifically, a correlation was shown between a change in the quantity of an indicator (i.e., Aerobic Plate 202 

Count, APC) from the carcass to finished product and the occurrence of Salmonella in beef, pork, and 203 

poultry (209, 210). However, the university research on biomapping and the poultry industry internal 204 

testing has evaluated the use of indicator bacteria and found that the populations of indicators offer little 205 

to no predictive value for the presence of non-Typhoidal Salmonella.  Regardless, based on FSIS findings, 206 

C{L{ ƛǎ ŎƻƴǎƛŘŜǊƛƴƎ ŘŜǾŜƭƻǇƛƴƎ ŀ ǉǳŀƴǘƛǘŀǘƛǾŜ άƭog-ǊŜŘǳŎǘƛƻƴέ ƳƛŎǊƻōƛƻƭƻƎƛŎŀƭ ŎǊƛǘŜǊƛƻƴ όŜΦƎΦΣ ǇŜǊŦƻǊƳŀƴŎŜ 207 

ǎǘŀƴŘŀǊŘύ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ƻŦ ŀƴ ŜǎǘŀōƭƛǎƘƳŜƴǘΩǎ ŦƻƻŘ ǎŀŦŜǘȅ ǎȅǎǘŜƳ ƛƴ 208 

controlling Salmonella in products. FSIS believes this type of performance standard would allow for 209 

continued monitoring of industry performance in achieving the Healthy People national food safety goals, 210 

thereby improving public health outcomes, while providing better insights on pathogen control 211 

throughout the food safety system. As part of this consideration, FSIS would also like to know how the 212 

Agency could address Salmonella serotypes more frequently associated with human illness, strain 213 

characteristics (e.g., virulence factors), and/or the quantity of Salmonella in a subset of products tested, 214 

prior to and after ƛƴǘŜǊǾŜƴǘƛƻƴǎΣ ǿƘŜƴ ŜǾŀƭǳŀǘƛƴƎ ƛƴŘǳǎǘǊȅΩǎ ŎƻƴǘǊƻƭ ƻŦ Salmonella.  215 

 216 

FSIS is considering the following microbiological criteria to assess industry control:  217 

¶ the presence of any Salmonella or only specific serotypes more likely to cause illness, at 218 

preharvest (e.g., as measured at the receiving step in the slaughter process)  219 

¶ the amount of Salmonella and/or presence of serotypes more likely to cause illness, throughout 220 

the slaughter process; and  221 

¶ a relevant indicator for Salmonella, throughout the slaughter process.  222 

 223 
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CHARGE QUESTIONS 224 

FSIS is seeking guidance on the overarching risk management question: What types of microbiological 225 

criteria (e.g., Salmonella performance standards) might FSIS use to encourage reductions 226 

in Salmonella in poultry products so that they are more effective in preventing 227 

human Salmonella infections associated with these products?  228 

 229 

Specific risk management questions posed to NACMCF are:  230 

1. Can we assess the public health impact (e.g., reduction in salmonellosis) of controlling 231 

specific Salmonella serotypes and/or amount (levels) in poultry products? What types of 232 

approaches could be used?  233 

 234 

2. What types of microbiological criteria could be established to encourage control 235 

of Salmonella at preharvest (i.e., in live birds on-ŦŀǊƳύΚ   236 

Should FSIS consider qualitative microbiological criteria for control of the presence 237 
of Salmonella in a flock when they are presented for slaughter?  238 
a) How could FSIS use these criteria to address Salmonella serotypes most frequently 239 

associated with human illness?  240 

b) What industry data would provide evidence of control?  241 

 242 

3. What types of microbiological criteria could be established for poultry carcasses, parts, and 243 

comminuted products prior to applying interventions and after interventions, considering 244 

current technology?   245 

a) Could the quantity of Salmonella or quantity of microbiological indicator organisms 246 

(e.g., APC) be used? What are the key parameters that need to be considered? What 247 

data analysis techniques could be used? How would these criteria be linked to human 248 

ƛƭƭƴŜǎǎΚ  249 

b) How could serotypes frequently associated with human illness be considered in the 250 

development of microbiological criteria? 251 

 252 

4. How might foodborne illness surveillance data on human Salmonella illnesses, data from 253 

foodborne outbreaks associated with Salmonella in poultry, and data on Salmonella serotypes in 254 

poultry products be used to identify the Salmonella serotypes of greatest public health concern 255 

associated with specific poultry products?   256 

a) Should only the most current data (e.g., 5-years) of foodborne illness surveillance, outbreak 257 

and/or pathogen testing data be used?  258 

b) Going forward, what methodology and criteria would focus on those Salmonella serotypes 259 

most frequently associated with human illness and attributable to poultry products?  260 

c) How frequently should the priority Salmonella serotypes associated with poultry be revised 261 

considering changes in their occurrence while still ensuring continuity in industry and 262 

regulatory testing?  263 

 264 
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5. There is a documented correlation between a reduction in the quantity of APC between 265 

carcasses and finished products and the occurrence of Salmonella in finished products for beef, 266 

pork, and poultry. How might this information be used to set microbiological criteria to assess 267 

process (pathogen) control in poultry?  268 

 269 

6. What rapid methods and technologies are available for the quantification of Salmonella? How 270 

should FSIS make the best use of these methods?  271 

 272 

7. Are there particular approaches that would result in selective identification of the serotypes of 273 

ǇǳōƭƛŎ ƘŜŀƭǘƘ ŎƻƴŎŜǊƴΚ   274 

or example, are there approaches to mitigate a potential strain selection bias introduced by the 275 
laboratory method?  276 
a) If needed, what type of research could be conducted to ensure performance characteristics 277 

of current laboratory methods (e.g., enrichment, incubation, pre-screening) do not result in 278 

a biased serotype detection?  279 

 280 

8. How should pathogen characteristics derived from whole genome sequencing (e.g., serotype, 281 

virulence, antimicrobial resistance) be considered in the development of microbiological 282 

criteria?  283 

 284 

9. What research is needed to support C{L{Ω ƴŜǿ Salmonella strategy in terms of setting 285 

microbiological criteria?  286 

 287 
COMMITTEE RESPONSES 288 

Approach by the Committee:  The Committee organized the charge questions into three groups: (1) The 289 

impact of Salmonella and poultry on public health (Q1 and 4); (2) The role of microbial testing at the 290 

preharvest and post-harvest levels for process control (Q2, 3, and 5); and (3) Methodologies for 291 

detection and enumeration of Salmonella (Q6, 7, and 8). The working groups considered Q3-a and Q5 on 292 

the use of aerobic plate counts as indicators for Salmonella contamination similar and are merged for 293 

response.  Data gaps for each individual charge question are summarized in response to Q9. The charge 294 

did not specifically request an evaluation of efficacy of various intervention strategies on the farm or 295 

post-harvest, but the Committee briefly discusses practices that may affect presence, levels or serotypes 296 

of Salmonella throughout the chain.      297 

 298 

Question #1: Can we assess the public health impact (e.g., reduction in salmonellosis) of controlling 299 

specific Salmonella serotypes and/or amount (levels) in poultry products? What types of approaches 300 

could be used? 301 

Summary of Question 1 Response Two perspectives are deemed necessary to answer this question: (1) 302 

how to predict the public health impact of hypothetical changes in Salmonella control strategies in 303 

poultry products prior to their implementation, and (2) how to assess the effectiveness of the standards 304 

in reducing salmonellosis once they are implemented. 305 

 306 
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Part 1: Quantitative microbial risk assessment (QMRA) methods can be used to predict salmonellosis 307 

reductions resulting from changes in microbial criteria in poultry products. Incorporating and comparing 308 

prevalence, level, and subtype in QMRAs might require the incorporation of emerging Omics 309 

methodologies while acknowledging data quality/availability issues.  310 

 311 

Part 2: Several types of public health surveillance data are available with which to assess the efficacy of 312 

standards in reducing salmonellosis.  Allowing for some year-to-year variability, case-based serotype- 313 

and genotype-based surveillance may reflect important changes within 2-5 years.  The goal of reducing 314 

poultry-associated salmonellosis by 25% is an important step towards meeting the HHS Healthy People 315 

2030 goal of reducing domestically acquired salmonellosis by 25% by 2030. 316 

 317 

The objective of microbiological criteria (MC) (i.e., performance standards) is to establish control limits 318 

for the contamination of pathogens in foods or food production environments along the supply chain 319 

based on a specified measurement method and sampling plan, and ultimately reduce foodborne 320 

illnesses. The Salmonella Poultry Performance Standards currently employed by USDA FSIS for different 321 

poultry products follow a prevalence-based approach, regulating a fraction of maximum allowable 322 

positives over the large number of samples collected and analyzed in a specified time window (191). As 323 

an alternative to the current method, controlling specific Salmonella serotypes and/or amount (levels) 324 

on poultry and in poultry products may potentially further reduce the Salmonella exposure through 325 

poultry product consumption and therefore mitigate the public health risks. To effectively guide the 326 

changes in MC, the associated public health impact needs to be comprehensively evaluated before their 327 

implementation, which can be achieved using quantitative microbiological risk assessment (QMRA) 328 

approaches.  329 

 330 

QMRA approaches have been applied to assess the potential impact of MC in other commodities and 331 

hazards in support of risk management decisions, in the U.S. and other countries, for example for 332 

Campylobacter in poultry (58, 122, 165) and Salmonella in pork and comminuted beef (192, 199). While 333 

this existing body of work does not fully account for the current U.S. situation and the range of possible 334 

MC to consider, it provides relevant approaches, tools, and application examples for how risk-based 335 

models can be used to support the establishment of level/serotype-oriented MC for poultry 336 

products.(58, 122, 165) and Salmonella in pork and comminuted beef (192, 199).  337 

 338 

Evaluating the public health impact of a MC that controls for prevalence and amount of Salmonella on 339 

ǇƻǳƭǘǊȅ ǇǊƻŘǳŎǘǎ ƛǎ ŦŜŀǎƛōƭŜ ǳǎƛƴƎ ǘǊŀŘƛǘƛƻƴŀƭ vaw! ŀǇǇǊƻŀŎƘŜǎΦ vaw!ǎ ǳǎŜ ŀ άōƻǘǘƻƳ-ǳǇέ mechanistic 340 

approach to modeling the change in amount of Salmonella on poultry products through the production 341 

and processing stages relevant to the considered MC, possibly including primary production, slaughter, 342 

processing, distribution, through consumer handling and cooking until consumption. Variability and 343 

uncertainty in the parameters considered at this stage can be represented. As a result, QMRA models 344 

allow estimating the probability distribution of exposure dose (number of Salmonella cells ingested) as 345 

well as the associated distribution of risk (e.g.., illnesses, hospitalizations, deaths in a population) using a 346 

dose-response relationship, if a suitable one is available.  347 

 348 
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QMRAs have been conducted to align MC (i.e., an allowable level) for Salmonella prevalence and 349 

amount, with some consideration of serotypes of public health concern, in poultry products (post-chill) 350 

to achieve a desired reduction in foodborne illnesses (e.g., percentage reduction in attributable 351 

illnesses) (53, 55, 94, 95, 130, 209). None of the existing QMRAs that evaluate Salmonella MC for poultry 352 

products consider the public health impact of controlling all three factors discussed here (prevalence, 353 

level, and subtype). We discuss elements that should be incorporated into QMRAs to assess all three 354 

criteria. Accounting for differences in infectiousness and severity of Salmonella subtypes might require 355 

the incorporation of emerging omics methodologies while also acknowledging data quality and quantity 356 

issues.  This will allow for subtype-level differentiation of infectivity (probability of infection given 357 

exposure to the subtype) and virulence (probability of severe illness given infection from subtype). 358 

 359 

Measuring operational success of MC requires incorporating different sources of existing public health 360 

surveillance available for salmonellosis and adjusting for seasonal and cyclical fluctuations to ensure that 361 

the efficacy measurement is robust and unbiased. Although roughly 91% of reported salmonellosis is 362 

sporadic (not part of recognized outbreaks), successful control of Salmonella in poultry would be 363 

expected to reduce both outbreak-associated cases and sporadic cases (140).  Current attribution of 364 

salmonellosis to different sources is primarily based on outbreak investigations. Emerging source 365 

attribution technologies based on Whole Genome Sequencing might allow for better estimation of 366 

success of the MC in poultry as it would also allow for attribution of sporadic salmonellosis cases.  367 

 368 

Part 1: Using quantitative microbial risk assessment methods to predict the public health impact of 369 

changes in MC in poultry products  370 

 371 

The public health impact of controlling specific Salmonella serotypes and/or amount (levels) in poultry 372 

and poultry products can be estimated using QMRA. QMRA approaches have been applied to assess the 373 

potential impact of MC in other commodities and hazards in support of risk management decisions, in 374 

the U.S. and other countries, and can provide useful templates for additional assessments. Examples of 375 

recent QMRA studies relevant to the charge question are reviewed and discussed in this section.  376 

 377 

MC can be classified into two main categories: (1) MC defined as a threshold (prevalence and/or 378 

concentration) of a target organism in the finished product (or other specified production stage), also 379 

called food safety criteria, and (2) as a threshold in a target variable associated with processing 380 

conditions conducive to the control of the target organism, also called process hygiene criteria. While 381 

QMRA can be used to assess the impact of both, most assessments have focused on food safety criteria. 382 

 383 

MC can have an impact on public health only if they are associated with risk control actions that keep or 384 

bring a process back into control/compliance, and if such actions are enforced. Models used to estimate 385 

the impact of a MC must include these risk control actions. For example, in the case of a MC on finished 386 

product, a batch of product not meeting the MC may undergo additional validated processing that 387 

reduce contamination by a certain number of Log CIg; such Log reduction will be accounted for in the 388 

model. Risk control actions involving the processing environment can also be modelled, although they 389 

are generally more complex to represent in detail. For example, an establishment not meeting a MC 390 

may undergo in-depth sanitization, validated within the establishment to bring the MC variable below 391 
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the MC threshold, or to impart a known reduction. While most commonly product-level MC are paired 392 

with product-level risk control measures, and establishment-level MC are paired with establishment-393 

level risk control measures, MC and measures can also be associated differently. For example, an 394 

establishment whose product does not meet a MC may undergo in-depth sanitization, possibly in 395 

addition to product treatment. 396 

 397 

QMRAs have been conducted to support the development or assessment of MC for Salmonella 398 

prevalence and/or levels, with some consideration of serotypes of public health concern, in poultry 399 

products (post-chill), including to align a MC with a desired target reduction in attributable illness (53, 400 

55, 94, 95, 130, 209, 213) (Table 1).   401 

 402 

MC and associated risk management measures can be set for different and multiple stages of the 403 

production and processing chain. Risk-based models can be developed to assess the impacts of such MC, 404 

by including the production steps downstream of the MC. Hence, to model MC upstream of the finished 405 

product a higher number of variables, as well as their uncertainty and assumptions, would need to be 406 

included. Most published studies on MC in postharvest poultry processing have considered MC on the 407 

finished product.  408 

 409 

QMRAs often treat all Salmonella subtypes or serovars equally, for lack of serovar-specific data, in 410 

particular dose-response relationships. That is, these models implicitly assume that all serovars have the 411 

same probability of infection following an exposure (infectivity) and same probability of a severe illness 412 

resulting from an infection (virulence). Infectivity is usually modeled with a dose-response function or 413 

curve (75), whereas virulence is often modeled as proportions of severe illnesses based on different 414 

disease severity outcomes such as extraintestinal infections, hospitalizations, and/or deaths.  415 

 416 

Ebel et al. (53, 55) provide an approach for establishing a prevalence-reducing MC Salmonella in poultry 417 

products. This is based on a finding that at lower Salmonella prevalence, there is a linear dose-response 418 

relationship between prevalence in product and salmonellosis in humans. The advantage of this QMRA 419 

approach is that it simplifies the modeling by reducing the number of parameters and eliminates the 420 

uncertainty common to exposure pathways associated with consumer handling and preparation, cross-421 

contamination, and Salmonella dose-response. The limitation of this approach is that it assumes the 422 

amount of Salmonella on contaminated products is independent of its presence, and it treats all 423 

serovars as equally infective and virulent. 424 

 425 

Lambertini et al. (94, 95) provided a modeling framework to evaluate the potential relative reduction in 426 

public health impact associated with prevalence-based and concentration-based MC for Salmonella in 427 

poultry products (comminuted turkey and chicken parts), tested at the end of processing. These QMRAs 428 

ǳǎŜ ŀ άōƻǘǘƻƳ-ǳǇέ ŀǇǇǊƻŀŎƘ ǘƻ ƳƻŘŜƭƛƴƎ ǘƘŜ ŎƘŀƴƎŜ ƛƴ ŀƳƻǳƴǘ ƻŦ Salmonella on poultry products from 429 

the end of the production process, where sampling is assumed to occur, through consumer handling and 430 

consumption to estimate exposure. Considered corrective actions included simplified lot-level 431 

Salmonella reduction measures and establishment-wide hygiene improvements. The comparison of 432 

prevalence- and concentration-based MC, as well as a combination of the two, suggests that both 433 

approaches can lead to a significant illness burden reduction, when 100% sensitive testing is frequent 434 
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and when MC are enforced, i.e., an effective corrective action is implemented upon non-compliance 435 

(94). These studies identified significant gaps in data on prevalence and concentration levels 436 

representative of the range of U.S. processing establishments, concentration variability within and 437 

between product lots, conditions during transport and retail, and consumer handling and preparation 438 

practices, including transfer coefficients to model cross-contamination in kitchens. Due to the scope of 439 

the studies, these two models did not assess the impact of different infectivity or virulence associated 440 

with different serovars, assuming that control measures applied at processing in case of non-compliance 441 

would have a similar impact on all serovars. 442 

 443 

In another study, researchers proposed a QMRA model for Salmonella control in ground turkey where 444 

both the amount of Salmonella and hypothetical differences in serovar infectivity were incorporated. 445 

For this model, the authors grouped serovars in high and low infectivity groups and used dose-response 446 

models from experimental and outbreak data as proxy for the infectivity in the high and low groups. The 447 

model further assumed that all lots with high contamination (>1MPN/g) would be detected and 448 

removed using a test with 100% sensitivity and predicted up to 50 million annual salmonellosis cases 449 

from ground turkey in the US. Recently, significant issues were reported with this approach (220) that 450 

resulted in the retraction of the Sampedro et al. article (149).  451 

 452 

Oscar (129-131) also used a comparable framework to that of Sampedro et al.  to contrast enumeration 453 

vs. prevalence standards in ground turkey. The approach relied on a series of untested modeling 454 

assumptions such as adjusting the dose-responses by serovar that resulted in broad infective doses 455 

(ID50) ranging from 1 to 10 log10 (CIg).  456 

 457 

None of the existing QMRAs that evaluate Salmonella MC for poultry products fully consider the public 458 

health impact of controlling all three dimensions considered in this question (prevalence, level, and 459 

subtype) while also considering realistic scenarios of frequency and sensitivity of testing of the product 460 

and its resulting impact on the contamination of the final product. For example, one scenario that could 461 

be investigated is the testing of all finished product batches for both presence and concentration of the 462 

pathogen and contrast it to the less frequent sampling currently done by FSIS. Evaluating the public 463 

health impact of a MC that controls for prevalence and amount of Salmonella on poultry products is 464 

feasible using QMRA approaches. However, evaluating the public health impact of controlling certain 465 

Salmonella subtypes (i.e., serotypes and genetic factors related to virulence) would require their 466 

identification, information on their presence in poultry products, and the ability to predict differences in 467 

the probability of illness from foodborne exposure to these Salmonella subtypes. 468 

 469 

Parameters needed to model MC  470 

Possible inputs and parameters that can be used to model a MC are shown in Table 2 (considering a 471 

specific processing stage where a MC is set, i.e., not including all stages needed to assess exposure to 472 

consumers). The inclusion of specific parameters depends on the MC options evaluated. It is important 473 

to highlight that the number of samples collected in relation to product flow rate plays a key role in the 474 
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value of information obtained by a testing program and depending on the context could make larger 475 

difference than other parameters. 476 

This answer does not include a comprehensive review of available data in relation to QMRA model 477 
needs. However, this committee agrees on the importance of adequate data to support risk estimates 478 
and estimate the impact of a MC with sufficient precision. For instance, current data on Salmonella 479 
prevalence or concentration collected by USDA-FSIS as part of routine monitoring or targeted data 480 
collection efforts only partially support QMRA efforts. Presence/absence data are collected infrequently, 481 
in particular for smaller establishments. Until recently, concentration data were not routinely collected; 482 
the last data collection effort on chicken products, representing only a portion of establishments, was 483 
carried out in 2012 (186). However, FSIS has launched a 4-month program for collecting paired chicken 484 
samples collected at rehang and post-chill  (201). These samples are tested for Salmonella presence, 485 
levels (CIg), and serotypes. FSIS plans to continue testing chicken carcasses at post-chill for Salmonella 486 
levels, which would make this routine testing. The industry has also been sampling product and 487 
processing environments. Combining industry and government data could improve the accuracy of 488 
Salmonella contamination models 489 
 
Including indicator organisms in models 490 
Models to estimate the impact of MC can also include indicator organisms different from the target 491 
pathogen, complementing information on the occurrence of the target pathogen, or possibly instead of 492 
it. For the inclusion of indicators to be appropriate, a reliable quantitative relationship needs to be 493 
available that ties the presence and/or level of the indicator organism to the presence and/or level of 494 
the target pathogen. This relationship can be present in the processing environment and/or in the 495 
product, depending on the type of MC, and may be general or specific to each establishment. Question 496 
5 further discusses possible indicators relevant to the control of Salmonella in poultry in the U.S. At the 497 
time of writing, such indicator/Salmonella relationships are not established, although preliminary data 498 
exist. When validated data are available, the status of an establishment vis-à-vis the selected indicator 499 
can be used in models to estimate the likelihood that the target pathogen is present at an unacceptable 500 
level at a certain processing stage, or the likelihood that a risk-relevant event may occur (e.g., cross-501 
contamination). Examples of models and standards including indicator organisms exist in other domains; 502 
for example, drinking water standards are often based on indicators of fecal contamination, since that is 503 
a primary contamination route and presence of fecal indicators at unacceptable levels indicates lack of 504 
process control (118).  505 
 506 

Identifying and incorporating serovar virulence into QMRAs 507 

Very recent developments in WGS and bioinformatics have resulted in several potential approaches to 508 

use genomics to identify genetic markers of Salmonella of public health concern. This information can be 509 

used to create groups of isolates or serovars, which can then be used in QMRAs.  510 

 511 

Karanth et al (89) provided an exploratory approach to use genomics and machine learning to identify 512 

severe Salmonella serovars. The authors collected sequence reads for 150 Salmonella isolates from 513 

humans, poultry, and swine sources, and used the pangenome (i.e., all genes from all isolates) in various 514 

statistical models to predict disease presentation, categorized as gastrointestinal vs extraintestinal. The 515 

best model had a predictive accuracy of 76%. As the methodology used the pangenome, their 516 

methodology was computationally intensive, which might explain why only 150 isolates were used. The 517 

need for intense computation limits its scalability at present time. Also, disease presentation 518 
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information was not present for non-human isolates (e.g., a swine isolate could not have a human 519 

disease presentation unless it was related to a traced foodborne outbreak), so it had to be imputed.  520 

 521 

Chen et al. (36) used Salmonella enterica subsp. enterica Ser. Saintpaul (S. Saintpaul) as a model to 522 

identify potentially hypervirulent strains. Single nucleotide polymorphism (SNP) clusters (i.e., groupings 523 

of isolates with low number of point mutations) were queried on NCBI for SNP clusters with either a 524 

high proportion of human clinical isolates (HA) or a low proportion of human clinical isolates (NHA). A 525 

total of 211 S. Saintpaul isolates were combined with 313 S. enterica isolates from other serovars to 526 

produce a phylogeny of S. Saintpaul illustrating the serovar is polyphyletic. Nine SNP clusters from group 527 

I (single monophyletic clade) were chosen for further analysis with 5 HA and 4 NHA isolates.  Ten isolates 528 

were sampled from each SNP cluster to generate an analysis set of 90 contiguous (contig) assemblies. 529 

Differential carriage of plasmid, prophage, and individual gene carriage (pangenome-wide associate 530 

study) were assessed between the HA and NHA clusters. Seven isolates (4 HA, 3 NHA) were tested for 531 

cell invasion and intracellular survival (both in vitro) to quantify phenotypic differences between the SNP 532 

clusters. As S. Saintpaul is polyphyletic (i.e., same taxonomic grouping, different evolutionary paths), this 533 

serovar may not be the best model to test for differences between human and non-human isolates. 534 

 535 

Also recently, Fenske et al., (68) reported a methodology to group isolates based on genetic virulence 536 

markers and validated the groups against epidemiological data using beef isolates and outbreaks as a 537 

model. For this, contig assemblies (de novo genome assemblies from short reads) of Salmonella isolates 538 

from beef, cattle, and humans were collected from FSIS and FDA and surveillance programs (n = 12,337). 539 

Putative virulence factors were predicted, representing a virulence gene catalogue for each respective 540 

isolate.  The pairwise similarity between each virulence gene catalogue (measure of genomic 541 

relatedness between isolates in regions which may impact phenotypic virulence) was estimated using 542 

unsupervised random forest and used in a hierarchical clustering algorithm to group isolates by 543 

similarity. Serovar designation was provided post-hoc and was not used to generate genomic clusters to 544 

control for the impact of polyphyletic serovars. The five groups were externally validated against 545 

epidemiological foodborne illness data (overall, and beef attributed) to explore if the genetic-based 546 

groups correlated with observed virulence at the serovar level. The isolates in the άƘƛƎƘ ǾƛǊǳƭŜƴŎŜέ 547 

cluster were most often implicated in foodborne outbreaks of any cause and in beef-associated 548 

outbreaks but were less common in beef than all the other 4 groups combined. They also resulted in 1.5 549 

times higher incidence of disease and higher hospitalization rates than all other groups combined.  550 

 551 

The studies above illustrated the potential of genomic methodologies in the application for QMRAs in 552 

poultry where differential MC for serovars are possible, with the Karanth et al. (89) method using the 553 

most genes, and the Fenske et al. (68) method being the most scalable as it used only the subset of 554 

genes in a virulence catalog and removed all repeated, core Salmonella genes. 555 

 556 

Using potential genetic serovar or isolate groups to adjust dose-response (DR) models  557 

Only a few DR models exist for specific Salmonella serovars. These models have been derived based on 558 

animal studies, volunteer feeding trials, and outbreak investigations, so their application to entire 559 

populations has resulted in large disconnects between model-predicted illnesses and observed 560 

foodborne illnesses recorded in national surveillance systems such as FoodNet (see Question 4). For this 561 
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reason, QMRAs often use adjustment factors to calibrate the model predictions so that they match 562 

surveillance data.  563 

 564 

A QMRA that is designed to assess MC based on specific target serovars and corresponding levels should 565 

thus be able to incorporate dose-response models that apply to the serovars of interest and be able to 566 

predict annual salmonellosis cases that are in agreement with surveillance data. Teunis et al. (168) 567 

provide a mathematical framework to adjust different dose-response curves by serovars based on 568 

outbreak data where the mean CIgr of Salmonella in the food vehicle, number of exposed individuals, 569 

and numbers ill (and/or infected) was available.  Although the Teunis framework was developed for 570 

individual serovars, this methodology could be expanded to accommodate genomics-based serovar 571 

groupings such as those described by Fenske et al. (68). A modification of the Teunis framework allowing 572 

for serovar groupings would also have to provide a way to map the exposure from poultry to the 573 

resulting dose-response, which could be done using calibration methods. Note that these approaches 574 

have the advantage of working directly on the genetic source explaining possible differences in 575 

infectivity and virulence. Such methods can be paired with surveillance-based methods for source 576 

attribution- such as those covered in Question 4- to provide necessary adjustments to the dose-577 

response curves. 578 

 579 

Incorporating quantitative molecular methods into QMRAs 580 

A variety of emerging molecular assays to detect or quantify Salmonella are reviewed in Question 6. The 581 

sensitivity and specificity parameters, and hence the level of detection (LOD) and level of quantification 582 

(LOQ) of these assays are key to understand the efficacy of MC standards in reducing foodborne 583 

illnesses and should be incorporated in QMRA models. It is crucial that a quantitative assay is sufficiently 584 

precise in the range of the MC threshold. 585 

 586 

In addition, assay sensitivity impacts sampling plans. Models need to represent the interplay between 587 

LOD and LOQ of quantitative assays, the MC threshold, and the number of samples that need to be 588 

collected to accurately assess the distribution of Salmonella concentration in a lot or other unit. For 589 

instance, quantitative methods such as qPCR are generally less sensitive to detect the presence of 590 

Salmonella than qualitative PCR, i.e., they have a higher LOD. A lower sensitivity would result in the 591 

need to collect more samples to determine with high confidence if a quantitative threshold has been 592 

exceeded. In addition, the efficiency of the sampling plan can be affected by the variability of the 593 

pathogen concentration within and between lots (113). Thus, depending on the MC threshold 594 

concentration versus the assayΩǎ [hv quantitative MC may require a higher number of samples per 595 

product unit to correctly classify the unit (or a derivative metric of multiple units, such as an 596 

establishment). This would be more so for a theoretical standard based on the level of specific serovars, 597 

since each serovar would be present in a sample in cell numbers equal or lower than the cell number of 598 

all Salmonella spp. serovars summed together. Any model used to determine the impact of an MC and 599 

associated sampling plans should account for realistic sensitivity values, and realistic number of samples 600 

that can be feasibly collected. 601 

 602 

There is evidence that a large proportion of poultry product samples harbor low Salmonella 603 

concentrations. For example, in the 2012 Nationwide Microbiological Data Collection Program 26% of 604 
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chicken part samples were positive at screening; these screening-positive samples were analyzed via 605 

MPN and 31% of them were found to be below the LOD of the MPN quantitative assay (0.030 MPN/ml 606 

in rinsate, corresponding to 0.0066 MPN/g of product); 79% were below 0.30 MPN/ml. Similar results 607 

were also observed in previous years (2007-08) for carcass rinse post-chill (183). Numerical examples of 608 

the impact of these results are provided under the Assay Parameters heading in the answer to Question 609 

3, but the practical implication is that if the LOD of an assay is set to a level to only target high loads in 610 

chicken products (e.g., 10 CIg), the subsequent reduction in sensitivity would result in a large increase in 611 

the number of samples required to estimate the proportion of samples contaminated with that CIg level 612 

of Salmonella. The number of samples to be tested would also have to be further increased if only a 613 

subset of serovars of concern are included.  614 

 615 

In conclusion, both in risk models and cost-benefit models, it is important to include sensitivity and 616 

specificity parameters of the sampling assay, and the sample volume or weight needed to detect 617 

positives with a high level of confidence in an individual sample. For currently available assays to 618 

support quantitative MC, they have to perform well at all concentrations (low and high) commonly 619 

found in poultry meat, as currently established using MPN assays. 620 

 621 

Q1 ς Part 2. Assessing the efficacy of microbiological criteria (MC; e.g., standards) in reducing 622 

salmonellosis once they are implemented  623 

 624 

(a).  What is the operational definition of success for a MC?   625 

Can we devise an operational definition of success of one or more microbiological standards, in terms of 626 

reduced health burden?  If so, what should or could be measured?  627 

The Healthy People 2030 Food Safety goals agreed upon by FSIS, FDA, and CDC included a specific target 628 

of reducing domestically-acquired human salmonellosis by 25% by the year 2030, as measured through 629 

FoodNet, and using a baseline period of cases reported in 2016-2018 (176). If between 25 and 50% of 630 

domestically acquired salmonellosis is from poultry (see Q4) then this target is congruent with the FSIS 631 

goal under evaluation, of reducing poultry-associated salmonellosis by 25%. Prevention targeting other 632 

sources of salmonellosis will also be important to ensure that we reach the overall Healthy People goal.  633 

The goal for FSIS pertains to domestically acquired salmonellosis, as the actions taken in the US to 634 

control salmonellosis may have little impact on exposures occurring in other countries. According to 635 

FoodNet, approximately 10% of salmonellosis in 2017-19 was associated with foreign travel (166).  636 

 637 

(b). What existing public health surveillance data are available for salmonellosis?   638 

Several types of public health surveillance data are available to help track salmonellosis (see Table 3).  639 

Basic case surveillance in the US is based on reporting to CDC of cases of salmonellosis through state 640 

epidemiology departments, ŀƴŘ ǘƘŜ ǎŜǊƻǘȅǇŜǎ ŀƴŘ ǎǘǊŀƛƴǎ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ǇŀǘƛŜƴǘǎΩ ǎǇŜŎƛƳŜƴǎ ǘƘǊƻǳƎƘ 641 

public health laboratories.  Routine serotyping in those laboratories began in 1963 with reporting to CDC 642 

(15).  Among the approximately 2,600 serotypes described (32), 883 were reported to the National 643 

Salmonella Surveillance System to have been isolated from humans during 2006 through 2016 (24).  The 644 

top 20 serotypes accounted for 80.7% of isolates with a reported serotype.  The same 5 serotypes have 645 

persisted as the most common causes of human illness for the last decade (Enteritidis, Newport, 646 

Typhimurium, Javiana, I:4,5,12:i:-) (40). In 1996, state public health laboratories began conducting 647 
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molecular subtyping, using pulsed-field gel electrophoresis (PFGE) patterns to identify clusters with 648 

similar patterns and submitting the subtyping information to CDC through PulseNet, the national 649 

network for molecular subtyping; this became routine for Salmonella isolates in all states by the early 650 

нлллΩǎ (72, 164).  Routine subtyping has greatly improved detection and investigation of dispersed 651 

outbreaks, and source attribution.  In mid-2019, PulseNet switched to genome sequencing for subtyping 652 

Salmonella (multilocus core genome sequence typing, cgMLST), which offers substantially greater 653 

precision in measuring relatedness than did PFGE.  Whole-genome sequencing (WGS) data allow the 654 

systematic prediction of serotype and antibiotic resistance profile from sequence data (104, 221).  655 

PulseNet, which includes all state and some large city health department public health laboratories, and 656 

both FSIS and FDA as members, previously used PFGE and now use WGS to characterize regulatory 657 

isolates as well. The sequences of approximately 40,000 isolates of Salmonella from humans are 658 

reported to PulseNet each year (BEAM Dashboard) (27). 659 

 660 

FoodNet. aƻǊŜ ǎǇŜŎƛŀƭƛȊŜŘ ǎǳǊǾŜƛƭƭŀƴŎŜ ƛƴŎƭǳŘŜǎ CƻƻŘbŜǘΣ /5/Ωǎ ǎŜƴǘƛƴŜƭ ǎƛǘŜ ǎǳǊǾŜƛƭƭŀƴŎŜ ǎȅǎǘŜƳΣ 661 

supported by FSIS and FDA, which collects standardized information on all laboratory-diagnosed 662 

infections with Salmonella and seven other pathogens in a panel of 10 states or multi-county areas, 663 

encompassing 15% of the US population (79).  Human salmonellosis incidence of laboratory-diagnosed 664 

cases reported to FoodNet Ƙŀǎ ƴƻǘ ŘŜŎǊŜŀǎŜŘ ǎƛƴŎŜ ǘƘŜ мффлΩǎ όCƛƎǳǊŜ 2).  Approximately 8,000 665 

Salmonella infections are reported to FoodNet sites each year, and are summarized on the public-facing 666 

website FoodNet Fast (26). Data on long-term health sequelae are not collected. Travel history data are 667 

collected; if 10% of those infections are travel-associated, FoodNet gathers reports of approximately 668 

7,200 domestically-acquired cases per year. Standardized case exposure data have been collected in 669 

FoodNet since 2014, that are now being linked to PulseNet genomic data for future analysis.  670 

 671 

NARMS. The National Antimicrobial Resistance Monitoring System (NARMS) is another tri-agency 672 

surveillance collaboration.  Since 1997, as part of NARMS, CDC has determined the antibiotic resistance 673 

by phenotypic methods in 1 in 20 isolates of Salmonella from human infections, referred by state public 674 

health departments (25, 30). As part of NARMS, these human samples are tested in parallel with isolates 675 

collected from various meats at slaughter by FSIS (198), and from retail food samples of meat and 676 

poultry collected by FDA (178, 179).   CDC PulseNet now provides resistance predictions obtained by 677 

WGS to NARMS. 678 

 679 

Data on Salmonella serotypes in poultry products: FSIS participates in PulseNet and NARMS, submitting 680 

characterization of Salmonella isolates obtained at slaughter from cecal samples (samples from 681 

individual animals before extensive processing), as well as from carcass rinsates, cultures of poultry 682 

parts and comminuted poultry. FDA tests samples of chicken breasts obtained at retail as part of 683 

NARMS, and also sequences the Salmonella they isolate, entering the results into the NCBI database, 684 

and PulseNet. Noteworthy for its absence from NARMS is the systematic sampling and characterization 685 

of Salmonella from poultry at earlier stages of production, such broiler breeder flocks, or grandparent 686 

flocks, and from feeds or feedstuffs.    687 

 688 

Reports of foodborne outbreaks associated with Salmonella in poultry: Possible outbreaks of cases that 689 

appear to be related can be detected because they occur in a local group with an obvious place or other 690 

https://www.cdc.gov/ncezid/dfwed/beam-dashboard.html
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exposure in common, or because a dispersed group or cluster of cases is identified that have the same 691 

molecular or genomic subtype. Epidemiological investigation of these possible outbreaks may identify a 692 

common source, confirming them as outbreaks. Investigated outbreaks are reported by public health 693 

departments and /5/ ǘƻ /5/Ωǎ CƻƻŘōƻǊƴŜ 5ƛǎŜŀǎŜ hǳǘōǊŜŀƪ {ǳǊǾŜƛƭƭŀƴŎŜ {ȅǎtem (FDOSS) using the 694 

National Outbreak Reporting System (NORS) platform (207). FDOSS collects details on implicated food 695 

type, characteristics of illnesses, and location of exposure (28). To aid in source attribution, CDC applies 696 

the categories of implicated foods developed by IFSAC to the free text fields reported through NORS 697 

(143).  Approximately 150 foodborne salmonellosis outbreaks were reported to FDOSS in NORS annually 698 

between 2013 and 2019 (NORS Dashboard) (33). This system distinguishes outbreaks by route of 699 

exposure, allowing to differentiate foodborne (and waterborne) outbreak-associated cases from those 700 

resulting from animal contact.  It also includes outbreak-associated cases resulting from environmental, 701 

person-to-person, and indeterminate/unknown exposures.  702 

 703 

C. What can be done to improve the power and discrimination of current foodborne illness datasets? 704 

Successful control of a major source of salmonellosis would be expected to reduce both outbreak-705 

associated cases and sporadic cases. The impact on human domestic salmonellosis can be tracked using 706 

case-surveillance data. Most reported cases are sporadic, and not part of identified outbreaks: Food Net 707 

has reported that in 2017-2019, 91% of reported salmonellosis was not part of recognized outbreaks 708 

(140).  709 

 710 

There are challenges to surveillance data collection, and opportunities for improvement.  The utility of 711 

case surveillance for source attribution and trend tracking is increased by FoodNet interviews, 712 

particularly by the more detailed Case Exposure Ascertainment interviews which began to be collected 713 

in 2014, when they can be linked to NGS (next generation sequencing) of isolates. Streamlined data 714 

gathering and reporting for FoodNet may make those data available and analyzed more quickly.   715 

 716 

The COVID19 pandemic of 2020-2022 affected Salmonella surveillance, as it did many other public 717 

health efforts.  Reported cases of salmonellosis were 22% lower in 2020 than in the preceding 3 years 718 

(140).  Contributing factors likely included the steep decline in international travel, changes in where 719 

and what people ate, and changes in health care seeking behavior as some avoided direct contact with 720 

the medical facilities.  These effects may not be permanent after the pandemic is resolved, and it may 721 

be prudent to exclude data from the years 2020 and 2021 in future assessments of longer-term trends.  722 

  723 

Surveillance based on serotyping and genetic subtyping currently depends on having the actual isolate 724 

(i.e., bacterial cells cultured from the original sample) in hand, so that serotype and antimicrobial 725 

resistance can be predicted from sequence data.  The growing use of culture-independent diagnostic 726 

tests (CIDTs) in clinical laboratories means that doctor and patient may more quickly learn the cause of 727 

the illness, though without antibiotic resistance determination.  However, unless an isolate can be 728 

obtained, public health will not have a sequence for tracking, outbreak detection, or source attribution.  729 

The current solution is to encourage following up a CIDT positive test with a άǊŜŦƭŜȄέ culture of the 730 

specimen that was positive in the CID test to retrieve an isolate which can then be characterized and 731 

sequenced (10).  A longer-term solution is to develop and deploy more advanced metagenomic methods 732 

to retrieve the Salmonella genome from the specimen that is positive by CIDT (10).  A pilot test of one 733 

https://wwwn.cdc.gov/norsdashboard/
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such approach began in two states in 2021 (personal communication, Heather Carleton, CDC). Recently, 734 

a high-throughput quantitative PCR assay has been validated that is able to identify 40 Salmonella 735 

serotypes and distinguish different genomic lineages and polyphyletic profiles (20). Once a metagenomic 736 

replacement for culture can be developed and implemented across the 50 states, it will bridge current 737 

PulseNet surveillance to a culture-independent future for public health.  Until this as achieved, state 738 

health departments will need to obtain isolates from reflex cultures and to sequence those isolates.  739 

 740 

(d). What analyses of datasets can help inform progress towards the FSIS goal?  741 

Annual summaries of the frequency of Salmonella infections by serotype have been part of national 742 

surveillance reports for many years.  Reducing the lag in publishing them would make them more 743 

immediately useful, for example by predicting them from PulseNet and providing them as provisional 744 

data through the BEAM Dashboard (27).  Annual FoodNet surveillance summaries are produced the 745 

following year, and the data in FoodNet Fast are also updated at the same time.  These case surveillance 746 

data are robust enough to permit annual assessments of progress in reducing the frequency of the most 747 

common serotypes in human infections, using established statistical approaches to detect significant 748 

differences from previous years. Based on these data, attribution models (see next section and Question 749 

4) can estimate the proportion of cases attributable to poultry or subcategories thereof. 750 

 751 

Serotype data on non-human Salmonella isolates collected from poultry sources as part of NARMS and 752 

in the regulatory sampling of USDA could be summarized each year and compared with trends in human 753 

infections.  A time trend model that smoothed surveillance data across multiple years, adjusting for 754 

seasonal and cyclical differences, could be helpful so that the estimation of success is not biased by the 755 

vagaries of a single year. A possible approach has been proposed by Williams et al. (212), who combined 756 

FoodNet and FSIS sampling data and penalized cubic B-spline regression methods (136, 137) to compare 757 

trends in Campylobacter on chicken meat and campylobacteriosis cases in humans. ¦{5!Ωǎ hŦŦƛŎŜ ƻŦ wƛǎƪ 758 

Assessment and Cost Benefit Analysis has provided a preliminary analysis of data collected from 1996-759 

2021 (M. Powell, USDA, personal communication, Docket FSIS-2022-0031) using similar methodology to 760 

compare trends in Salmonella serovar presence in chicken meat against trends in serovars causing 761 

Salmonella infections in humans. The preliminary analysis suggests that cases of salmonellosis due to 762 

serotypes associated with chicken have gradually decreased similar to the decrease in Salmonella in 763 

chicken products.  Non-chicken serotypes have increased during the same period.  FDOSS outbreak data 764 

may also be summarized at regular intervals, likely annually, once the pressure of the COVID pandemic 765 

on state and local public health departments allows them to report outbreak investigations more quickly 766 

to NORS. 767 

 768 

Other regular analyses that would be helpful would include: 1) Outbreak data such as the annual 769 

number of outbreaks and outbreak-associated illnesses associated with chicken, with turkey, and with 770 

all poultry combined; 2) More detailed data routinely provided on the type of chicken product that was 771 

the source, e.g., parts, whole, comminuted, frozen breaded, frozen breaded stuffed, etc.; 3) Annual 772 

ranking, by frequency, of serotypes by assessment of the burden of outbreak illnesses transmitted by 773 

poultry, and whether that burden is decreasing, stable or increasing; 4) Poultry sampling data, such as 774 

the annual ranking of serotypes obtained from FSIS poultry sampling overall, from raw poultry products 775 
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destined for restaurants or institutions separately from those destined for grocery stores; and 5) Annual 776 

ranking of serotypes obtained from NARMS FDA retail chicken samples. 777 

 778 

In addition, CDC could produce an updated estimate of the overall health burden of salmonellosis and 779 

other foodborne infections at more frequent intervals (last estimated in 2011)(151, 152). This would 780 

depend on conducting more frequent, ideally annual FoodNet population surveys to assess current care-781 

seeking and laboratory specimen submission behaviors.    782 

  783 

(e). Available source attribution methodology and how it can be used to sufficiently discriminate 784 

poultry-caused illnesses from both outbreak and sporadic salmonellosis cases. 785 

This question is answered in Q4.  786 

 787 

(f). Are year-to-year changes, trends, and lags captured in the existing foodborne datasets and source 788 

attribution?  789 

Year-to-year changes are captured in case-based surveillance with large numbers reported each year in 790 

each of the major systems, allowing for robust comparisons. As noted above, some smoothing across 791 

several years may be useful to limit the impact of single large events. PulseNet data in particular are 792 

analyzed continuously to look for clusters of related cases and may be used in the future to produce 793 

regular updates of sequenced-based source attribution estimates. (See answer to Q4 for more 794 

discussion on this topic.) 795 

 796 

The CDC burden estimates published in 2011 (151, 152) which updated the previous 1999 estimates 797 

(107), still serve as the best available general estimates of the health burden of foodborne diseases in 798 

the United States, by pathogen. The reported incidence of infections with four priority bacterial 799 

pathogens (E. coli O157, Listeria monocytogenes, Salmonella, and Campylobacter) have changed little in 800 

the last decade (26), and thus the health burden may also be presumed to have changed little. Should 801 

the incidence of these and other infections decrease substantially, the burden estimates will become 802 

increasingly dated.  Although the process of revising these burden estimates and providing uncertainty 803 

ranges has begun, it can take several years to complete (personal communication, B. Bruce, CDC).   804 

Therefore, some lag in identifying current disease incidence is likely to persist and needs to be 805 

considered by FSIS in evaluating success of implementing new MC.   806 

 807 

Foodborne illness surveillance and monitoring systems only detect a fraction of all cases that occur, and 808 

most reported cases do not have a known source. Also, infrequent large events can have a marked 809 

effect on the case count in a given year. This adŘǎ ǎǘŀǘƛǎǘƛŎŀƭ άƴƻƛǎŜέ ǘƻ ǘƘŜ ƴǳƳŜǊƛŎŀƭ ǎƛƎƴŀƭ ƴŜŜŘŜŘ ǘƻ 810 

detect temporal changes in foodborne salmonellosis trends and its main food sources. Using FoodNet as 811 

an example, Ebel et al. (56) estimated a 4% chance of detecting a true 10% change in salmonellosis one 812 

year after a risk reduction change has taken effect. In a different scenario, a sustained reduction of 30% 813 

in salmonellosis for four years still resulted in only approximately 50% chance of detecting such change. 814 

In a separate study,  a similar calculation was used to show that a 25% reduction in salmonellosis cases 815 

from comminuted chicken would not be detected by FoodNet alone as this annual reduction would be 816 

smaller than the expected year-to-year variability of the surveillance system (54, 56).  In the future, 817 

serotype prediction based on PulseNet sequencing, and swifter analysis and presentation of preliminary 818 
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National PulseNet surveillance data (e.g., on the BEAM dashboard) may increase the sensitivity of 819 

national public health surveillance to detect changes of this magnitude in a shorter time frame. 820 

 821 

Because of the statistical power limitations of individual Salmonella surveillance and monitoring 822 

systems, for assessments of changes (or stability) in the incidence of salmonellosis, this committee 823 

advises the use of data from more than one system. For example, though FoodNet has high quality data, 824 

it comes from only 15% of the population, while other Salmonella surveillance systems are nationwide 825 

in scope. We also advise the use of genomic data and models for both incidence and source attribution, 826 

as described in answers to questions 1 and 4. 827 

 828 

Because the data in FDOSS/NORS are more limited, they  need to be combined across several years to 829 

define and analyze trends for specific food categories.  Currently the IFSAC outbreak-based source 830 

attribution model estimates (described in Question 4) are updated annually, though the data are 831 

smoothed over several years. 832 

 833 

(g).  What new approaches are being developed and could provide more accurate/precise burden data 834 

in the future? 835 

The health burden estimates developed by CDC depend on accounting for the sequential steps in 836 

diagnosis and reporting of specific infections.  These include assessment of frequency of acute 837 

gastrointestinal illness in the population, of health care seeking behavior, of the frequency with which 838 

diagnostic tests are ordered and performed, and of the frequency of reporting.  Future estimates could 839 

be improved by re-assessing these probabilities as practices change, evaluating the effects of variation in 840 

clinical severity on the likelihood of hospitalization, and could also incorporate estimates of the burden 841 

of long-term health sequelae.  842 

 843 

Question 4 844 

A)  How might foodborne illness surveillance data on human Salmonella illnesses, data from 845 

foodborne outbreaks associated with Salmonella in poultry, and data on Salmonella serotypes in 846 

poultry products be used to identify the Salmonella serotypes of greatest public health concern 847 

associated with specific poultry products?   848 

B) Should only the most current data (e.g., 5-years) of foodborne illness surveillance outbreak and or 849 

pathogen/testing be used?  850 

C) Going forward, what methodology and criteria would focus on those Salmonella serotypes most 851 

frequently associated with human illness and attributable to poultry products?  852 

D) How frequently should the priority Salmonella serotypes associated with poultry be revised 853 

considering changes in their occurrence while still ensuring continuity in industry and regulatory 854 

testing?  855 

   856 
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Summary of Question 4 Response  857 

Several approaches have been used to attribute human salmonellosis to specific foods and sources.  858 

These include case-control studies, analysis of reported foodborne outbreaks, and most recently, source 859 

attribution based on whole genome sequence genotyping.  Attribution based on outbreak data and on 860 

genotype both give the greatest weight to data from the most recent years.  Like attribution based on 861 

reported outbreaks, genotype-based attribution indicates that poultry is the leading source of human 862 

salmonellosis.  It also indicates that a small number of serotypes account for most poultry-associated 863 

salmonellosis in recent years, led by Enteritidis, Typhimurium, I:4,5,12:i:-, Infantis, and Heidelberg, and 864 

even fewer serogroups:  groups O:4 (formerly group B), O:7 (group C1), and O:9 (group D1). The 865 

effectiveness of a prevention strategy that includes serogroup or serotype targets should be evaluated 866 

annually with case-based surveillance; changes in the attribution model would likely take several years 867 

to observe. The most current data should be used for all analyses, but the number of years to be 868 

included depends on the rate at which new information is added.  Combining data from several recent 869 

years in a trend model can smooth out the effects of single annual perturbations, such as large 870 

outbreaks. It is anticipated that targeted intervention strategies in the industry will affect predominant 871 

serotypes found to be associated with human illness. Subsequently, as other serotypes become 872 

predominant in illness, this in turn will affect industry responses. 873 

 874 

Before answering the charge question on the predominant serotypes associated with poultry-related 875 
salmonellosis, we considered several of the serotype-focused interventions used by industry for live 876 
birds. These control programs (described below) have resulted in various levels of success, but 877 
ultimately affect and help explain changes in predominant serotypes responsible for foodborne illness 878 
attributed to poultry products (also see response to Question 2).   879 
 880 

Effect of serotype-targeted interventions to reduce Salmonella in the live bird populations:   881 

¶ In the 1990s, the United Kingdom experienced a rapid increase in Salmonella Enteritidis (SE) 882 

infections related to both eggs and poultry meat, much of it caused by phage type 4; at the peak SE 883 

comprised 70% of salmonellosis (96, 125).  With a voluntary industry effort based on vaccination 884 

and other flock-based measures, first targeting layer flocks, then including broiler breeders, the 885 

number of SE phage type 4 infections reported in the UK dropped dramatically, from ~18,000 in 886 

1997 to 459 in 2010, and the overall number of Salmonella infections reported annually fell from 887 

~33,000 in 1997 to ~9,000 in 2010 (59, 96, 125) (Figure 3ύΦ   bƻ ƻǘƘŜǊ ǎŜǊƻǘȅǇŜ ŜƳŜǊƎŜŘ ǘƻ άǊŜǇƭŀŎŜέ 888 

SE. 889 

¶ The United States has experienced a profound decline in the incidence of infections caused by 890 

Typhimurium and Heidelberg over the last 20 years (26) (see Figure 4). The reasons for these 891 

declines have not been well documented, but they were corresponding to when a commercial 892 

poultry vaccine against Typhimurium became available.  Highly publicized recalls in 2013 of retail 893 

chicken from a West Coast producer whose products were implicated in an outbreak of Heidelberg 894 

infections may have accelerated wider vaccine use (73).  Typhimurium vaccines in poultry appear to 895 

decrease colonization and infection not only of Typhimurium but of other serotypes that share the 896 

same O group antigens, such as Heidelberg, as both share antigenic O formula: II:4,5,12:i:- (42, 112).  897 

Some producers may have also implemented targeted environmental testing with a focus on 898 

breeder flocks and increased other prevention measures as well.  With a mix of strategies, by 2019, 899 
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Typhimurium had dropped from its long-standing position as the most common serotype isolated 900 

from humans as late as 2007, to third most common. The incidence of Typhimurium infections 901 

decreased by 70%, from 3.7 per 100,000 in 1999 to 1.3 in 2019 (26).   Heidelberg had dropped from 902 

the 4th most common serotype isolated from humans in the 1990s to the 24th most common in 903 

2019. The incidence decreased 92%, from 1.07 per 100,000 in 1999 to 0.08 in 2019 (26).   904 

¶ In 2003, the European Union (EU) issued regulations for breeder flocks requiring stringent control 905 

measures for specific serotypes, based on comparing serotypes found in food animal reservoirs with 906 

those most commonly causing human infections. They chose Enteritidis, Typhimurium (including the 907 

monophasic variant I:4,5,12:i:-), Hadar, Virchow, and Infantis as targets for prevention (59) . This 908 

was based on their frequency in human infections, their transmissibility through food, evidence of 909 

recent increase or spread, and increases in resistance to treatment.  In 2019, based on changes in 910 

prevalence (215), the suggested group of serotypes to target was updated to Enteritidis, 911 

Typhimurium (including the monophasic variant), Infantis, and another to be determined ς perhaps 912 

Heidelberg or Kentucky (59).  Updates to the list may vary by country (98). Serotyping is carried out 913 

via culture methods (White-Kauffmann-Le Minor scheme) (63).      914 

 915 

 916 

Q4.A Parts 1 and 2 and Q4.C. How might foodborne illness surveillance data on human Salmonella 917 

illnesses, data from foodborne outbreaks associated with Salmonella in poultry, and data on Salmonella 918 

serotypes in poultry products be used to identify the Salmonella serotypes of greatest public health 919 

concern associated with specific poultry products? What methodology and criteria would focus on those 920 

Salmonella serotypes most frequently associated with human illness and attributable to poultry 921 

products. 922 

 923 

Question 4.A1: Surveillance data on human illnesses caused by Salmonella: Several surveillance and 924 

monitoring systems provide data on individual Salmonella infections, on outbreak events, on 925 

antimicrobial resistance in human and non-human isolates, and on frequency in meat and poultry (see 926 

response to Q1 Part 2b and Table 3).   927 

 928 

Question 4.A2: How can [these data] be used to identify the Salmonella serotypes of greatest public 929 

health concern associated with specific poultry products?  and Question 4.C:  What methodology and 930 

criteria would focus on those Salmonella serotypes most frequently associated with human illness and 931 

attributable to poultry products.  932 

 933 

The relevant serotypes of greatest public health concern are those that are common causes of reported 934 

human illness, are present in poultry, and are transmitted through foods. CDC surveillance provides data 935 

on the frequency of diagnosed illness caused by each serotype. Human illness reporting tends to be 936 

skewed towards more severe illnesses as milder cases are less likely to be diagnosed or reported, so 937 

models accounting for this are used to estimate the true number of illnesses in burden studies (152, 938 

153).  If the use of culture-independent diagnostic tests increases without an increase in associated 939 

reflex culturing, a greater proportion of reported infections will lack serotype data (140).  FSIS data from 940 

slaughterhouses and retail surveys can confirm the presence and frequency of serotypes in raw poultry. 941 

 942 
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One way to quantify the importance of poultry as a source of human infection has been through case-943 

control studies of sporadic infections. For example, a FoodNet study conducted in 1996-1997 identified 944 

eating chicken, and specifically chicken prepared outside the home, as a specific risk factor for serotype 945 

Enteritidis (SE) infections (91). This study attributed 27% of SE infections to that source; before this 946 

study, SE infections had been attributed mostly to eggs.  However, a parallel study of Typhimurium 947 

infections did not identify a specific source, although it did clarify the importance of preceding antibiotic 948 

exposure in increasing host susceptibility (74). Such broad studies of sporadic cases can provide 949 

important insights and help to determine the overall burden of illness. Case-control studies attribute 950 

disease to the point of consumption, in contrast to some other methods of attribution which can include 951 

attribution to reservoir as well, thereby capturing cross-contamination of foods by an upstream source.  952 

Moreover, conducting case-control studies requires considerable time to design, execute and analyze, is 953 

expensive, and has often yielded sparse new information (69).  Thus, FoodNet has conducted few case-954 

control studies in recent years. However, improved methods and data could make case-control analyses 955 

an important component of the assessment of major sources in the future. Nearest neighbors matching 956 

for analysis, with calculation of odds ratios and population attributable risks (43), is being explored as a 957 

less resource intensive approach to case-control studies. These methods may be applied to cases from 958 

CƻƻŘbŜǘΩǎ ŎŀǎŜ ŜȄǇƻǎǳǊŜ ŀǎŎŜrtainment data, using the recent FoodNet Population Survey, conducted 959 

during 2018-2019 as a source for control data. The future possibility of an ongoing FoodNet Population 960 

Survey to provide timely data from control persons about exposures paired with matching questions 961 

posed to cases could provide more timely estimates of the major sources and their changes over time.  962 

 963 

Outbreak investigations of foodborne salmonellosis can provide direct evidence that foodborne 964 

transmission of a particular serotype occurs.  Outbreak data in FDOSS can provide information by year 965 

on food categories that have been reported as sources of particular serotypes.  Detailed analysis of 966 

FDOSS data also can indicate changes over time in the serotypes and broad categories of poultry 967 

products linked to outbreaks, e.g., parts, whole chickens, and frozen meals. These data can help assess 968 

the importance of various serotypes attributed to particular foods. For example, in the mid-1980s, CDC 969 

epidemiologists noted that although few SE outbreaks were attributed directly to shell eggs, most of the 970 

foods implicated contained eggs; they proposed that eggs were the source of the global increase in SE 971 

infections (160).  972 

 973 

For the past decade, the Interagency Food Safety Analytics Collaboration (IFSAC) has annually updated 974 

results of an attribution model that estimates the percentage of all salmonellosis that can be attributed 975 

to 17 food source categories (86).  The model uses outbreak data reported to FDOSS; it gives less weight 976 

to outbreaks that occurred more than 5 years earlier (back to 1998) and accounts for other factors, such 977 

as whether the outbreak was very large or occurred in multiple states (11, 143). The estimates for 978 

poultry were 10% for chicken and 7% for turkey in 2012 (17% collectively), and 17% for chicken and 7% 979 

for turkey (24% collectively) as of 2020 (85, 86). These estimates are based on vehicles identified in 980 

foodborne outbreaks, and do not capture the original source when Salmonella in raw products such as 981 

poultry cross-contaminates other foods which are then the source of an outbreak. They currently 982 

provide the best ongoing estimates of the sources of domestically acquired salmonellosis in the U.S.  983 

These IFSAC estimates do not include serotype because data on individual serotypes are sparse; 984 
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however, a pilot analysis of data on SE, the most common cause of salmonellosis, has been attempted 985 

(CDC unpublished data).  986 

 987 

Source attribution can also be predicted by comparing isolates from humans with isolates from a variety 988 

of animal and other sources.  In Denmark this was done using multi-locus variable number tandem 989 

repeat typing (47).  In the United States, a current IFSAC effort is using a genome sequence-based 990 

approach for source attribution.  This approach may address some limitations of outbreak vehicle-based 991 

source attribution, as it can directly assess sporadic cases, and is likely to reflect original source or 992 

reservoir before cross-contamination, if those sources are represented in the non-human isolates.  Led 993 

ōȅ /5/Ωǎ !ƴŀƭȅǘƛŎǎ ǘŜŀƳΣ this IFSAC study has compared isolates from humans with those from a variety 994 

of foods and animals (146).  The model was initially trained using the non-human isolates to identify the 995 

alleles that best differentiate these strains by animal and food source.  Then human isolates were 996 

evaluated in the trained model.  The initial assessment used non-human isolates collected over the past 997 

two decades, and human isolates collected 2014 - 2017 in FoodNet sites after excluding those known to 998 

be associated with foreign travel.  The model predicts likely food category sources for these infections. 999 

Overall, 26% of infections were predicted to have a poultry source (Figure 1).  Restricting analysis to the 1000 

subset of isolates with >50% probability of attribution to a single food source, 46% of such infections 1001 

were predicted to be due to chicken and 3% to turkey.  As the IFSAC study using WGS aims at identifying 1002 

original source or reservoir (e.g., hatchery or grower level), the immediate source of exposure (e.g., 1003 

consuming poultry meat or handling live bird) is not included in the estimates. For example, the total 1004 

attribution of cases to poultry does not differentiate between sporadic salmonellosis cases resulting 1005 

from chicken consumption versus cases from handling live chickens (34).  Future sporadic case-control 1006 

studies could address this gap.  1007 

 1008 

The model was also able to predict food sources for the most common serotypes: Chicken was the 1009 

predicted source for 86% of SE infections, 66% of Typhimurium, 55% of Infantis, 53% of Heidelberg, 29% 1010 

of I:4,5,12:i:-, and <1% of Newport and Javiana infections. Turkey was the predicted source for 9% of 1011 

Heidelberg infections and <1% of infections caused by the other serotypes listed above for chicken. 1012 

These percentages can be applied to estimates of the incidence or number of illnesses caused by each 1013 

serotype to obtain an estimate of chicken-associated illnesses caused by each serotype or a ranking of 1014 

the most important serotypes. Doing this results in an estimate that the serotypes that cause the most 1015 

chicken-associated illnesses are, in order, SE, Typhimurium, Infantis, and I:4,5,12:i:-; together these four 1016 

account for an estimated 70.4%of chicken- and turkey-associated illnesses.  Although a large percentage 1017 

of Heidelberg infections are attributed to chicken, that serotype has now become uncommon, so results 1018 

in relatively few attributed illnesses. Retaining Heidelberg as a serotype of concern may be justified by 1019 

concern that it could increase if targeted control measures already in place were lifted.   1020 

 1021 

Some of the poultry-associated serotypes identified by the IFSAC WGS source attribution model share 1022 

serogroup specific O-antigens, relevant to vaccine choice: Typhimurium, I:4,5,12:i:- and Heidelberg are 1023 

part of serogroup 4, (previously known as Group B), SE is part of serogroup 9 (Group D), and Infantis is 1024 

part of serogroup 7 (Group C1)(32).  In the future, the serotypes chosen as targets for control could also 1025 

include other poultry-associated serotypes with important antimicrobial resistance, or likelihood of 1026 

hospitalization as additional criteria.    1027 
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One can also compare the frequency of serotypes in different food animal reservoirs with those that 1028 

cause human infections. An advanced version of this method has been used in Europe to develop a 1029 

Salmonella source attribution model across 24 countries (46).  Because animals can be reservoirs of non-1030 

typhoidal Salmonella, one would expect a change in the presence of a serotype in poultry to precede a 1031 

change in the same direction in illnesses caused by that serotype in humans. Moreover, one would 1032 

expect the changes in serotype frequency in poultry and food to be detected from the variety of 1033 

sampling programs done pre-and-post harvest, such as FSISΩ cecal samples for testing in the NARMS 1034 

program, and carcass samples for regulatory purposes. Measures of illness in humans may lag behind 1035 

animal and food sampling because of the time it takes for a new strain to spread though many flocks, 1036 

the time it takes for animals to be raised and slaughtered, and the resulting food distributed; and since 1037 

most chicken is cooked sufficiently to kill Salmonella. Therefore, assessing the frequency of serotypes in 1038 

live poultry and poultry at slaughter would help to monitor those serotypes most likely to cause illness 1039 

now or in the near future.  Similarly, routine sampling of poultry feed and feed ingredients could be 1040 

relevant because this is a documented way that serotypes enter the food supply, where even low levels 1041 

of contamination could be important because pathogens can multiply in moist environments on farms 1042 

and because animals consume large volumes of feed. The routine practice of choosing one isolate to 1043 

represent the Salmonella population present in a sample may mean that important serotypes present at 1044 

lower frequency may be missed (157).  In the future, it may be helpful to adopt metagenomic methods 1045 

able to detect and characterize multiple serotypes that may be present in a sample.   1046 

 1047 

A complementary approach to the source attribution methods described here also involves identifying 1048 

serovars of concern using genomics. These emerging methods are reviewed on the answer to question 1049 

#1. By directly targeting profiles of virulence genes or the pangenome, these methods can provide an 1050 

early warning of possible serovars or indeed isolate-level pathogen subpopulations that might be 1051 

responsible for an increased risk of salmonellosis burden.  Since these methods can be regularly updated 1052 

using all relevant Salmonella isolates submitted to NCBI, they could be combined with other foodborne 1053 

surveillance and monitoring systems to provide a more rapid response to evolving changes in Salmonella 1054 

infectivity and virulence. This would address some of the statistical power and resulting time lag 1055 

limitations described earlier for the Salmonella surveillance and monitoring systems. 1056 

 1057 

Question 4.B: Should only the most current data (e.g., 5-years) of foodborne illness surveillance 1058 

outbreak and or pathogen/testing be used? 1059 

The most current data should be used for all analyses, but the number of years to be included depends 1060 

on the rate at which new information is added regarding the spectrum of serotypes responsible for 1061 

illness changes.  Combining data from several recent years in a trend model can smooth out the effects 1062 

of single annual perturbations, such as large outbreaks. When data from the most recent 3-5 years do 1063 

not provide sufficient sensitivity to detect change, data from the most recent years could be combined 1064 

with discounted data from preceding years; such analyses can still be updated each year with new data, 1065 

as is done in the IFSAC annual source attribution report.  PulseNet collects data from approximately 1066 

40,000 isolates each year; FoodNet has data on about 7,200 domesticallyςacquired illnesses each year, 1067 

as the surveillance area covers 15% of the U.S. population, while FDOSS collects about 16 poultryς1068 

associated outbreaks each year.  For poultry samples many isolates are obtained from carcasses, fewer 1069 

from ceca and other sources, resulting in thousands of sequenced isolates submitted to FDAΩǎ 1070 
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GenomeTrakR. Data from food samples are more limited; they include isolates from the NARMS retail 1071 

food program and isolates submitted to NCBI by state agriculture departments.  1072 

 1073 

There is also an opportunity to study the results from 2020 and 2021, when the COVID19 pandemic 1074 

perturbed many aspects of the food supply.  Whether there was serotype- or food source-specific 1075 

effects remains to be examined in detail. If there were, then future estimations may need to consider 1076 

excluding those years from more general models of attribution.       1077 

 1078 

Question 4.C: How frequently should the priority Salmonella serotypes associated with poultry be 1079 

revised considering changes in their occurrence while still ensuring continuity in industry and 1080 

regulatory testing? 1081 

 1082 

Ideally, a serotype, serogroup, or subtype-based control strategy would be reevaluated at annual 1083 

intervals for evidence of the effectiveness of control methods, and to provide a timely alert for the need 1084 

for possible changes in control measures based on a decline, or lack of decline, in illnesses, or 1085 

emergence of other serotypes. It would seem prudent to retain targets even if those serotypes become 1086 

rare, as halting the control measures that led to their decrease may provide an opportunity for a 1087 

rebound.    1088 

 1089 

The frequency of reported infections with targeted serotypes or subtypes can be reviewed annually 1090 

using case surveillance data. Outbreak-based attribution can also be analyzed annually, but the sparsity 1091 

of data will limit the sensitivity for detecting change quickly, particularly at the serotype level.  In the last 1092 

decade, approximately 16 chicken- or turkey- associated outbreaks of salmonellosis were reported each 1093 

year. To detect meaningful change at the level of a common serotype for one food category, at least 5 1094 

years or ~80 such outbreaks may be needed to provide reasonable sensitivity to detect a change.  1095 

Successful prevention that reduced the number of outbreaks could stretch this time span further. 1096 

 1097 

Ideally, source attribution analyses based on the IFSAC WGS model would be repeated annually so 1098 

progress can be measured by the estimated overall number of illnesses that can be attributed to chicken 1099 

as well as the number caused by targeted serotypes, and other serotypes emerging as sources. This 1100 

method depends on two analytic datasets, one of non-human isolate sequences, and the other of 1101 

human isolate sequences. The dataset of non-human isolate sequences may increase at a rate that 1102 

would allow the training data analysis to be repeated at regular intervals, e.g., 1-3 years, and data 1103 

representing older sources are minimized or excluded. More strain sequences could be added from 1104 

other sources, e.g., the APHIS NAHMS studies or state agricultural databases. Sequences of Salmonella 1105 

strains isolated from humans are now being added to the PulseNet database at the rate of ~40,000 each 1106 

year, of which ~7,200 are in FoodNet sites. Once appropriate sequencing workflows and automation can 1107 

be established, it will likely be possible to repeat the WGS-based IFSAC source attribution predictions at 1108 

annual intervals.   1109 

 1110 

Subtype-specific prevention strategies will likely need to be modified as the incidence of infection with 1111 

specific serotype or subtype targets change.  It would be appropriate to include regular assessment of 1112 

the need for modification of targets, ideally annually, as part of a regulation, as well as guidance on 1113 
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likely methods to be used and a mechanism to evaluate the role of improved methods and data sources 1114 

in making assessments.  For example, re-evaluating the prevention strategy could be indicated if: (1) no 1115 

change was observed in incidence of infections caused by a serotype (as tracked in FoodNet 1116 

surveillance) at the end of at least two years of full implementation (or other time window indicated by 1117 

a power analysis, accounting for the expected rate of reduction) compared with a chosen baseline, such 1118 

as the pre-pandemic one (2016-2018) used to assess progress towards the Healthy People 2030 Goal, 1119 

and (2) the WGS-based IFSAC model and possibly other analyses indicate no significant change in the 1120 

percentage of infections caused by that serotype attributed to chicken.  A statistically significant or 1121 

major (e.g., >15% increase or decrease) change in illnesses attributed to chicken overall or in a targeted 1122 

serotype, serogroup, or subtype, should merit re-assessment of the prevention strategy. A method 1123 

should be clearly defined for the target metrics (e.g., confidence metric, p-value, % change) required 1124 

changes in guidance or policy based on the results of these assessments.  Because of data limitations, re-1125 

assessment may also be deemed appropriate to protect public health even if the changes do not reach 1126 

formal statistical significance, for example due to applicable lessons learned from other contexts or 1127 

advances in research. 1128 

 1129 

Question 2:  What types of microbiological criteria could be established to encourage control of 1130 

Salmonella at preharvest (i.e., in live birds on-farm)?   1131 

a) Should FSIS consider qualitative microbiological criteria for control of the presence 1132 

of Salmonella in a flock when they are presented for slaughter? 1133 

b) How could FSIS use these criteria to address Salmonella serotypes most frequently associated 1134 

with human illness? 1135 

c) What industry data would provide evidence of control? 1136 

 1137 

Summary of Question 2 Response FSIS does not have jurisdiction to mandate testing on the farm level.  1138 

However, because of microbial criteria set for post-harvest poultry, testing of incoming flocks and their 1139 

environment may assist in processors in achieving target reduction of Salmonella prevalence and levels 1140 

coming into their facilities.  Before deciding whether qualitative vs. quantitative data is best for 1141 

determining control of Salmonella in a flock, substantially more data (including industry and university 1142 

research data) should be analyzed to ascertain correlation between Salmonella prevalence, levels, and 1143 

serovars, either in flocks presented at slaughter or on farm shortly before presenting for slaughter. 1144 

Power of detection and enumeration needs to be sufficient to provide evidence on both process control 1145 

and long-term association of contamination trends in flocks with farm features and farm management 1146 

measures (including any potential associations with indicator organisms), i.e., the real-world cost-1147 

effectiveness of on-farm control measures. 1148 

 1149 

In considering possible MC or testing programs to encourage Salmonella control at preharvest, the 1150 

following conclusions emerged: 1151 

¶ U.S. poultry producers voluntarily implement several Salmonella control practices on farms and 1152 

use qualitative testing to monitor effectiveness of management in breeder flocks, hatchery, 1153 

grow out and transport. This approach has resulted in lower prevalence on chilled carcasses, but 1154 

not resulted in fewer illnesses associated with poultry. 1155 
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¶ Multiple routes of contamination have been observed, and no single control measure has been 1156 

found to be effective in controlling Salmonella on farms. Hence, farms should be incentivized to 1157 

apply rigorous multiple-barriers approach that combine a suite of best practices, including 1158 

testing at multiple points (such as feed, litter, etc.) to inform farm management operations. 1159 

¶ Qualitative Salmonella testing of breeder flocks is recommended to avoid using contaminated 1160 

eggs for hatching. 1161 

¶ Vaccines are likely the only serovar-specific control strategy at preharvest but will not eliminate 1162 

all Salmonella from flocks. Other farm-based measures (see Management Practices for 1163 

Controlling Salmonella at preharvest in this document), while not directly serovar-specific, will 1164 

similarly reduce but may not eliminate all Salmonella. 1165 

¶ Feed treatments (e.g., heat), preventing recontamination, and qualitative testing for presence of 1166 

Salmonella in feed is recommended to control this important entry route. 1167 

¶ Sampling protocols and assays exist to test on-farm environmental samples (e.g., litter, feed, 1168 

water, dust) for both detection (qualitative assays) and enumeration (quantitative assays). While 1169 

quantitative data theoretically could support a more accurate assessment of risk and mitigating 1170 

actions, little published research exists to assess the additional value of enumerating Salmonella 1171 

in environmental samples compared to presence/absence, or what levels of Salmonella should 1172 

trigger corrective actions.  In designing sampling protocols, frequency and number of samples 1173 

need to account for currently achievable sensitivity. 1174 

¶ Testing the farm environment (litter, feed, water) for Salmonella 1-2 weeks prior to slaughter 1175 

could help identify highly contaminated flocks and inform immediate management actions e.g., 1176 

processing schedules, transport, remediation of houses, or other mitigation strategies on the 1177 

flock.  1178 

¶ Testing of Salmonella in birds at receiving for slaughter could also inform future control actions 1179 

and process control to be implemented on farms or at processing. These tests could be 1180 

complemented by testing for a subset of high-concern serovars.  However, complex serovar 1181 

occurrence patterns at different stages are likely to complicate interpretation and actionability. 1182 

¶ More research is needed to quantify the impact of preharvest control measures and 1183 

combinations thereof on patterns of Salmonella levels, which would also improve the ability of 1184 

risk models to estimate impacts and hence the cost-effectiveness of Salmonella control actions. 1185 

¶ Assays to detect specific serovars of concern exist but are currently cumbersome. New 1186 

molecular methods to rapidly identify (or quantify) multiple serovars are promising but require 1187 

additional validation. 1188 

 1189 

Q2a: Should FSIS consider qualitative microbiological criteria for control of the presence 1190 

ƻŦSalmonellain a flock when they are presented for slaughter?  1191 

 1192 

To determine qualitative MC that are meaningful to assess presence of Salmonella in flocks presented at 1193 

slaughter, one should consider the existing data regarding testing to verify Salmonella control on the 1194 

farm. The Joint FAO/WHO Expert Meeting on Microbial Risk Assessment (JEMRA) recently reviewed data 1195 

on control measures for Salmonella in the broiler production chain (216). The panel concluded that no 1196 

single control measure is sufficient to control contamination prevalence or level in poultry meat. Rather, 1197 

utilizing multiple strategies, such as those outlined below as best practices for the poultry industry, is 1198 
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most effective to ultimately reduce carriage of Salmonella through to the food supply. Testing of flocks 1199 

producing eggs for hatching for Salmonella is recommended to exclude eggs from infected flocks being 1200 

transported for hatching.   1201 

 1202 

Current US practices include testing for the presence of Salmonella in hatcheries, at breeders, broiler 1203 

house to inform voluntary management actions by the company (see Figure 5 for description of US 1204 

commercial broiler production and (169, 173)). The overall compliance with the USDA FSIS performance 1205 

standard during processing by the poultry industry is high and further reduction in prevalence may need 1206 

an incentive for the industry to increase the testing of live birds before processing. A proposed 1207 

requirement to test flocks before entering the processing plant by FSIS USDA would increase available 1208 

information to base risk management decisions on, but it is unclear what the impact would be, or what 1209 

incentives the industry would respond to.  1210 

 1211 

Testing the flocks before processing for scheduling at the processing establishment based on 1212 

negative/positive flocks is a tool with limited documented impact (123, 139). Testing for specific 1213 

serotyping could help target vaccine development and focus their use where needed but focusing solely 1214 

on the currently highly prevalent serotypes may miss shifts in the strains that cause illness.  In addition, 1215 

the fact that serovars detected at processing or in the product might show different patterns from those 1216 

most commonly observed on farms complicates the use of serovar-specific on-farm testing information 1217 

to inform risk control in the product. Thus, the industry should consider utilizing testing approaches that 1218 

test overall Salmonella as a means to measure effectiveness of different interventions at preharvest, but 1219 

in combination with serovar-specific monitoring to determine if the interventions select for or exclude 1220 

virulent strains. 1221 

 1222 

What have we been testing, and what could be tested? 1223 

In the U.S., there are currently no required industry-wide routine on-farm quality indicator sampling 1224 

plans or sampling techniques.  Hatchery sampling most often relies of testing settle plates  (open plates 1225 

for a given period of time for air monitoring, such as Salmonella in dust) in hatcheries and/or filter paper 1226 

under newborn chicks, which are tested for presence of Salmonella. For primary breeders, breeders, or 1227 

broilers, Salmonella testing is most often done with boot socks (socks worn over shoes as the technician 1228 

walks around the broiler house) or drag swabs (filter swabs moistened and drug around the house) (14, 1229 

18). Some facilities have implemented environmental sampling programs where rodents, flies, beetles 1230 

and soil around houses are sampled for Salmonella. The results of these tests may be used to inform 1231 

(voluntary) management actions by individual establishments. A range of Salmonella control actions that 1232 

have been or could be implemented ƛƴ ǘƘŜ ¦Φ{Φ ŎƻƴǘŜȄǘ ŀǊŜ ǎǳƳƳŀǊƛȊŜŘ ƛƴ ǘƘŜ ǎŜŎǘƛƻƴ άManagement 1233 

Practices for Controlling Salmonella at preharvestέ όvǳŜǎǘƛƻƴ нύΦ This is in contrast to the approach used 1234 

in Sweden, where a flock is destroyed if Salmonella is detected, and all litter is removed and composted 1235 

for at least 6 months to prevent contamination of the surrounding environments (Appendix B, Case 1236 

Study). This approach is equivalent to requiring negative tests for admittance of a flock to a 1237 

slaughterhouse. 1238 

 1239 

Overall, sampling and laboratory testing methods exist that are technically feasible to use on farms and 1240 

which could be used to assess the contamination status of either flock or farm (71, 124, 175, 177). The 1241 
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most meaningful matrices that can be practically sampled on farms include litter (fecal matter from a 1242 

flock mixed with litter material), dust deposited on surfaces, feed, and water. Feed and water can be 1243 

sampled directly. Environmental dust deposited on surfaces can be collected using swabs. 1244 

Environmental sampling protocol guidelines exist for layers, although not for broiler chickens (177). All 1245 

these matrices can be analyzed using either qualitative or quantitative assays. Cloacal swabs, blood, or 1246 

organ samples from individual birds can be collected if health issues are suspected with the flock, but 1247 

are impractical for routine testing, can pose animal welfare issues, and in the case of cloacal swabs are 1248 

less sensitive than other approaches (71).  1249 

 1250 

The boot sock method is a simple and relatively inexpensive method to collect litter samples. Samples 1251 

can be analyzed using culture-based or molecular assays in either qualitative or quantitative fashion. 1252 

While this sampling approach has sensitivity limitations, in a recent study using IMS-PCR and artificially 1253 

inoculated litter, the boot sock method was found to have a Salmonella LOD of 10, 1, 0.1 CFU/g using 1254 

enrichment steps of 0, 4-6, and 8 hours, with good agreement between IMS-PCR results and culture 1255 

methods (82). ISODS (Intermittently stepped-on drag swabs) were also found to have similar detection 1256 

power as boot socks (as % detected), and higher than drag swabs or direct sampling of litter or faeces 1257 

(18).  1258 

 1259 

In terms of laboratory assays, qualitative (presence/absence) assays include culture-based enrichments, 1260 

qualitative PCR, and antibody tests (see response to Question 6).  . Quantitative culture-independent 1261 

molecular assays that can be used to test on-farm matrices (litter, dust, feed, water) are reviewed in 1262 

Question 6 (Tables 6 for approved quantitative methods, and Table 7 for select examples methods 1263 

under development but which have not yet been validated as time of writing of this document). 1264 

Quantitative culture-based assays are primarily MPN approaches (187). Qualitative (presence/absence) 1265 

assays include culture-based enrichments, qualitative PCR, and antibody tests. Many of the qualitative 1266 

or semi-quantitative (i.e., above/below a specified concentration threshold) assays are approved by 1267 

NPIP, AFNOR, or AOAC (195). 1268 

 1269 

vǳŜǎǘƛƻƴ нōΥ Iƻǿ ŎƻǳƭŘ C{L{ ǳǎŜ ƳƛŎǊƻōƛƻƭƻƎƛŎŀƭ ŎǊƛǘŜǊƛŀ ǘƻ ŀŘŘǊŜǎǎSalmonellaserotypes most 1270 

frequently associated with human illness?   1271 

There are multiple entry points for Salmonella during production that can lead to contaminated 1272 

carcasses at slaughter (Figure 5), and it can be important to distinguish the serovars present between 1273 

the different stages to identify entry routes and enact appropriate controls where they can be most 1274 

effective. Serovar occurrence patterns vary by region. In an analysis of data from 2016 ς 2020, Siceloff 1275 

(157) found regional differences including higher proportions of serovars Infantis and Typhimurium in 1276 

the Atlantic region (states including CT, DE, MA, MD, ME, NH, NJ, NY, PA, RI, VT, VA, and WV) and higher 1277 

proportion of serovar Schwarzengrund in the Southeast (states including AL, GA, FL, KY, MS, NC, SC, and 1278 

TN), with the exception of the state of Georgia, which has higher proportion of Kentucky. In addition, 1279 

serovars occurrence patterns vary through the production and processing chain (Figure 6). For example, 1280 

for broilers produced in Georgia the serovar Kentucky was the most common serovar in breeders (68%) 1281 

during production but not at processing (157). CRISPR-SeroSeq performed on these breeder samples 1282 

showed that 32% of samples contained multiple serovars, with up to 11 serovars found in a single flock 1283 

(157).  Hence, potential MC set at different stages of the production chain should consider which 1284 
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serotypes are most abundant at that stage, and whether that stage is a critical control point for a 1285 

serotype. 1286 

 1287 

Potential Microbiological Criteria at preharvest 1288 

Potential MC applied at preharvest discussed in this section include: 1289 

¶ Salmonella testing of the farm environment (e.g., litter, feces, water, dust (9, 14, 18, 111)) to 1290 

assess contamination of a specific flock and/or the farm; tests can be qualitative (or as additional 1291 

risk assessment data and assays becomes available, quantitative), complemented by serovar 1292 

identification to assess the presence of high-concern serovars; this test, if sufficiently sensitive, 1293 

could inform both processing actions for the flock as well as farm management actions. 1294 

¶ Indicator testing of the farm environment, if an association with Salmonella presence or levels is 1295 

demonstrated, with similar purpose as above. 1296 

¶ Salmonella testing of a flock presented at slaughter, to verify on-farm process control and 1297 

provide feedback on farm management actions (custom processing of a flock tested at receiving 1298 

would be unfeasible under common operations). 1299 

¶ Salmonella testing of breeder flocks (qualitative, possibly quantitative), to control vertical 1300 

transmission to broiler flocks. 1301 

 1302 

MC at any stage rely on the availability of a sampling and testing protocol with adequate sensitivity and 1303 

specificity compared to thresholds of public health importance. In addition, the achievable sensitivity of 1304 

a testing protocol needs to be matched by adequate sampling frequency or sample numbers to achieve 1305 

a reasonable detection power, so that results can meaningfully inform management actions associated 1306 

with the MC, as discussed in Question 1. 1307 

 1308 

While there are currently no routine sampling programs being utilized industry wide, sampling methods 1309 

and laboratory assays (qualitative and quantitative) that could support preharvest testing or MC exist. 1310 

For instance, hypothetically a validated method (qualitative, semi-quantitative, or quantitative, see 1311 

Question 6) might be used to test flocks one to two weeks before processing, to inform risk 1312 

management at processing (as well as during transport, and on farm e.g., to prepare for the next flock). 1313 

For instance, additional risk-reduction measures could be implemented on higher-risk flocks, or flocks 1314 

from high-risk farms, when received for processing (see Question 3) (193). For this purpose, testing for 1315 

generic Salmonella is expected to provide the most cost-effective and actionable information, although 1316 

complementary identification of serotypes of concern could allow for a more accurate estimate of risk 1317 

from a flock and hence of the degree of Salmonella reduction necessary at processing, if processing 1318 

conditions allow for such flexibility. CǳǊǘƘŜǊ ŀƴŀƭȅǎŜǎ ǿƻǳƭŘ ōŜ ƴŜŜŘŜŘ ǘƻ ŘŜŦƛƴŜ ǿƘŀǘ άƘƛƎƘ-Ǌƛǎƪ ŦƭƻŎƪέ 1319 

(or άƘƛƎƘ-risk farmέ) means operationally in relation to farm process control and risk management 1320 

actions, and in relation to (increased) risk mitigation measures needed during processing. 1321 

 1322 

On-farm flock testing results could also potentially be used to reduce the risk of cross-contamination 1323 

across flocks during processing, e.g., by scheduling more heavily contaminated flocks at the end of a 1324 

processing day or potentially on days with other contaminated flocks. However, it should be noted that 1325 

many factors need to be considered if changing scheduled processing days for flocks. For example, 1326 

trucks may need to be filled from multiple houses; it could be costly for trucks to visit multiple houses or 1327 
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farms; and growers are paid based on weight from a house/farm. Furthermore, studies suggest that 1328 

changes in processing schedules to account for higher or lower flock contamination όǎƻ ŎŀƭƭŜŘ άƭƻƎƛǎǘƛŎŀƭ 1329 

ǎƭŀǳƎƘǘŜǊƛƴƎέύ  results in a weak correlation with pathogen reduction in finished meat samples (123, 1330 

139).  One hypothesis for the lack of correlation is possible cross-contamination with inadequately 1331 

sanitized transport crates or slaughter equipment.  1332 

 1333 

FSIS does not have jurisdiction at the farm level and cannot require testing.  However, per FSIS 2022 1334 

proposed framework to reduce Salmonella, processing facilities may be required to test incoming flocks 1335 

for Salmonella at receiving (200). Operationally, testing would most feasibly be completed on the farm 1336 

prior to transport, and data shared with the processing facility. While testing on farm would be 1337 

informative, coordination across agencies (FSIS and APHIS) would be needed to implement an MC of 1338 

regulatory relevance. 1339 

 1340 

Salmonella spp. and/or serotype data collected at flock receiving (and potentially at other early 1341 

processing stages) may be used to provide feedback and create an incentive for targeted control 1342 

mechanisms applied on farm during live production. For example, as an illustrative scenario where a 1343 

flock is tested for Salmonella levels at receiving, the producers whose flocks are, over a set time 1344 

window, performing worse than the industry average or worse than a specified threshold for the 1345 

prevalence or levels of Salmonella (or select serovars) could be subjected to additional preventive or 1346 

remedial actions, or be subjected to financial disincentives from the processor. Independently from 1347 

potential regulatory actions, the information would provide feedback to producer farms about their 1348 

process control or the need for increased control actions. For this purpose, Salmonella testing on a flock 1349 

at or shortly after receiving, possibly complemented by serotyping if not already carried out in previous 1350 

preharvest stages, could provide valuable information to focus on-farm measures.  1351 

 1352 

Conversely, testing at flock receiving is unlikely to have a sufficiently fast time-to-results to inform 1353 

processing actions on that flock; testing on farm may provide more timely and actionable information 1354 

on the contamination status of a flock, albeit possibly less accurate. We recommend comparing the 1355 

value of information vs. cost of testing flocks on farm vs. at presenting for slaughter, using statistical 1356 

modeling approaches. 1357 

 1358 

More research is needed to determine if qualitative and/or quantitative testing on farm and resulting 1359 

changes in processing (see also Question 3) would significantly affect Salmonella prevalence and levels 1360 

on carcasses and in finished products.  In addition, research is needed to determine if testing for non-1361 

Salmonella indicator(s) could provide guidance to companies on which houses have a higher probability 1362 

of Salmonella contamination or level of contamination. At this time, there is no clear correlation 1363 

between non-Salmonella populations (i.e., indicator microorganisms) that can be used to predict which 1364 

flocks are likely to be highly contaminated; testing specifically for Salmonella appears to be the best 1365 

strategy (see also Question 5).  1366 

Industry data could be leveraged to better understand how a MC at flock receiving, as well as testing on 1367 

farms, could be used to inform management actions on farms, and whether enumeration of APC (or 1368 

other indicator organisms) could predict the likelihood of Salmonella occurrence or its levels. 1369 

 1370 
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Testing breeders, feed, and the farm environment could provide information on specific Salmonella 1371 

entry or spread routes known to be associated with broiler farm contamination. For example, feed 1372 

testing implemented in Sweden, and subsequent exclusion of positive lots, has contributed to the 1373 

reduction of Salmonella (119). Breeding flocks have been found to often be the likely source of 1374 

Salmonella in broilers (59). For the purpose of controlling contamination from these routes, qualitative 1375 

or quantitative testing for generic Salmonella ςcarried out before feed or eggs/chicks reach the next 1376 

stage- is likely to provide sufficient information to inform process control on farm. Some serovars can be 1377 

closely associated with some routes, e.g., S. Enteritidis was back-traced from broilers to breeders more 1378 

often than other serovars, in some studies (19, 90). In these cases, testing and controlling for relevant 1379 

serovars of concern in a stage/route (upstream of the grow-out farm) could be more cost-effective than 1380 

testing for generic Salmonella. However, in general a serovar does not consistently map to one source 1381 

only, and hence serovar testing on farm is unlikely to be cost-effective for on-farm process control. 1382 

 1383 

Management Practices for Controlling Salmonella at preharvest  1384 

Any MC, as well as other approaches to risk management, need to be associated with effective risk 1385 

control measures. MC can verify that control measures are effective and can trigger additional actions in 1386 

case the MC is not met. In this section we provide a brief summary of available Salmonella control 1387 

actions that could be used in conjunction with a MC, or on their own. In the following section, we 1388 

discuss serovar-specific MC and control strategies.  1389 

 1390 

Several strategies to control Salmonella at multiple preharvest stages exist and have been implemented. 1391 

Currently, in the U.S., these measures are voluntary; many are recommended as best practices (17, 169, 1392 

173, 193, 216). Evidence of effectiveness varies by measure, and it is recognized that no single measure 1393 

will control Salmonella. While high animal welfare practices (housing, transport conditions, etc.) have 1394 

been reported by Italian researchers to be associated with lower carriage of Salmonella in skin and 1395 

caecal content samples, levels of Campylobacter were higher in that group (83).  Therefore, practices 1396 

such as to not trade one contamination issue for another.   A non-exhaustive list of preventive control 1397 

measures at different preharvest stages and potential testing points include: 1398 

 1399 

Breeders:   1400 

Å Cull visibly soiled eggs that may be contaminated with Salmonella-containing feces (70) 1401 

Å Salmonella-free chicks 1402 

Å Competitive exclusion treatments, prebiotics, probiotics  1403 

Å Vaccination program (including serotypes from Groups B, C, and D) (70) 1404 

Å Biosecurity (44) 1405 

Å Rodent and insect control program 1406 

Å Footbaths / movement of workers 1407 

Å Testing for Salmonella in chicks could be used to verify process control. 1408 

Å Qualitative or quantitative testing in breeder flocks can be used to prevent eggs from 1409 

contaminated flocks from reaching the hatchery. 1410 

 1411 

Feed: 1412 

Å Testing for Salmonella in feed could verify that feed does not introduce Salmonella on farms. 1413 
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Å Control quality of ingredients 1414 

Å Allow sufficient time in conditioner to give time/temperature/moisture for Salmonella kill 1415 

Å Prevent post pelleting (processing) recontamination.  Pay particular attention to cooling area to 1416 

avoid conditions favorable to Salmonella growth. 1417 

Å Clean feeders between flocks 1418 

 1419 

Hatchery: 1420 

Å Cleaning/sanitation programs 1421 

Å Control air movement in hatchery 1422 

Å Chemical disinfection program in hatch cabinets during hatch period 1423 

Å Do not reuse tray liners 1424 

Å Competitive exclusion, probiotics 1425 

Å Testing for Salmonella in chicks could verify process control and inform Salmonella control 1426 

actions at the hatchery and/or on a chick flock (e.g., not shipping contaminated chick flocks to 1427 

grow-out farms). 1428 

 1429 

Grow-out (broilers): 1430 

Å Only Salmonella-free chicks 1431 

Å Competitive exclusion treatments, prebiotics, probiotics 1432 

Å Implement biosecurity and hygiene plans 1433 

Å Litter treatments prior to flock placement and reapplication as needed 1434 

Å Moisture control (no leaking nipple drinkers) 1435 

Å Proper working ventilation system (reduce stress on birds ς litter amendments if necessary) 1436 

Å Rodent and insect control program 1437 

Å Limit movement of workers / visitors  1438 

Å Testing of flock or flock environment for Salmonella before transport to slaughter could 1439 

determine the contamination level of a specific flock and inform risk mitigation actions at 1440 

slaughter and processing. 1441 

 1442 

Transport: 1443 

Å Proper feed and water withdrawal time 1444 

Å Clean and disinfect transport coops to reduce cross contamination from previously transported 1445 

flocks that were heavily contaminated to uncolonized flocks 1446 

Å To extent possible, limit time in transport cages 1447 

Å Testing a flock at receiving or at slaughter, summarized by farm over a time window, could 1448 

provide feedback to producer farms and inform farm management actions. However, test results 1449 

on individual flocks received are unlikely to be useful to inform management actions for that 1450 

flock at processing (unless, in the future, a real-time test is devised and used). 1451 

 1452 

Response when Salmonella is detected in the preharvest environment (169) 1453 

¶ Determine the origin of the infection  1454 
¶ Dispose of poultry litter/feces and other potentially contaminated farm waste in a safe manner  1455 
¶ Enhance cleaning and disinfection of buildings, surfaces and equipment  1456 
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¶ Allow adequate time between flocks if previous flocks were Salmonella-positive  1457 
¶ Before restocking the facility, a bacteriological examination should be carried out  1458 

As summarized above, a range of Salmonella control strategies are or can be implemented at 1459 

preharvest. A Joint FAO/WHO Expert Meeting on Microbiological Risk Assessment (JEMRA) has reviewed 1460 

evidence on the effectiveness of Salmonella control measures in poultry, both on farms and during 1461 

processing, although findings of the review are not yet available at the time of finalizing this report 1462 

(216). Sweden instituted a rigorous Salmonella control program to reduce the prevalence of Salmonella 1463 

on birds grown and processed in Sweden (67) (see Appendix B Case Study for details and comparison 1464 

with U.S. practices). Some practices used to reduce Salmonella on U.S. farms such as biosecurity and 1465 

control of feed to exclude Salmonella are also incorporated in the Sweden program.  The Sweden model 1466 

further relies on microbial testing for presence of Salmonella in fecal droppings or cecum.  If any 1467 

serotype of Salmonella is isolated, the flock is destroyed (206).  Because the method of control depends 1468 

on eradication of Salmonella-positive breeders or broilers, replication of this system in U.S. operations 1469 

has been thus far considered controversial and potentially too costly to implement., while some 1470 

advocates suggest that a rigorous cost/benefit analysis be conducted. While the economic burden 1471 

associated with poultry-related salmonellosis has been estimated (154), a cost assessment of 1472 

implementing an eradication model, compared to other approaches, has not been carried out for the 1473 

U.S. 1474 

 1475 

Serotype-specific control strategy and MC 1476 

Vaccines can target a specific serotype or serogroup and are likely the only serotype-specific 1477 

intervention strategies. Almost all broiler breeders in the U.S. are vaccinated against some Salmonella 1478 

(110).  Vaccines can be live deletion mutant strains that are derived from a specific serovar of 1479 

Salmonella, i.e., S. Typhimurium or autogenous killed-cell vaccines against a cocktail of strains found in a 1480 

local area.  1481 

 1482 

Commercially available vaccines have been developed for Salmonella in the poultry industry. For food 1483 

safety purposes, they are meant to reduce infective pressure in a flock. Vaccines are commonly 1484 

administered in-ovo, stimulating the innate and adaptive immune responses for zoonotic poultry 1485 

diseases and may be administered post-hatch as a spray or eye drop.  Salmonella vaccinations of broilers 1486 

are generally considered impracticŀƭ ŀǎ ǘƘŜ ōƛǊŘΩǎ ƛƳƳǳƴŜ ǎȅǎǘŜƳ ƛǎ ƴƻǘ Ŧǳƭƭȅ ŎƻƳǇŜǘŜƴǘ ǳƴǘƛƭ ǘƘŜ ōƛǊŘǎ 1487 

are a week or older and the handling of birds in the broiler house is problematic.  Although, autogenous 1488 

vaccines may require less time for development, they require multiple injections, are labor-intensive to 1489 

administer, and may be impractical on the large production scale production found in the US. 1490 

Furthermore, they must be remade with newly isolated Salmonella from the flock regularly.  1491 

 1492 

Vaccines have likely contributed to a significant reduction in S. Enteritidis in eggs and in S. Typhimurium 1493 

for the broiler industry; they may have contributed to the reduction in S. Typhimurium compared to 1494 

other serotypes (51, 81, 219). The vaccine industry is currently developing new vaccines against 1495 

additional serotypes of Salmonella.  Safety and efficacy requirements of commercial vaccine 1496 

development take three or more years. Therefore, changes in target serovars ς if implemented- should 1497 

take into account vaccine development times.  1498 

 1499 
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Serovar-specific control strategies such as vaccines could be paired with generic Salmonella MC to 1500 

monitor the cumulative effectiveness of a suite of on-farm control measures. While serovar-specific MC 1501 

should be considered, serovar shifts over time, as well as inconsistent occurrence patterns between 1502 

preharvest and processing (there is initial evidence of shifts in the relative serovar abundance going 1503 

from breeders to carcasses and products (157) may complicate the interpretation of test results and risk 1504 

control decisions. A recent study by EFSA pointed out the expected higher effectiveness of an all-1505 

Salmonella target for breeding hens, compared to a target including five high-concern serovars (59). On 1506 

the other hand, an additional serovar-specific MC at preharvest could allow focusing resources on 1507 

strains of higher concern (i.e., be more risk-based) using more targeted measures (primarily vaccines, 1508 

targeting known sources of specific serovars). Combinations of all-Salmonella and serovar-specific MC, 1509 

at preharvest or throughout the preharvest-processing chain in multiple-barrier fashion, could offer 1510 

cost-effective trade-offs. However, since vaccines alone do not eliminate a Salmonella strain (17, 219), 1511 

and a suite of control measures are needed, quantitative Salmonella testing is likely to offer the most 1512 

actionable information. 1513 

 1514 

Several examples of serovar-specific control efforts implemented at national level, including MC 1515 

implemented as part of these efforts, are summarized in Question 1 (part 2), showing various degrees of 1516 

success. 1517 

 1518 

Question 2c: What industry data would provide evidence of control?  1519 

Testing of Salmonella in birds at receiving for slaughter could inform process control to be implemented 1520 
on farms or at processing. These tests could be complemented by testing for a subset of high-concern 1521 
serovars.  However, complex serovar occurrence patterns at different stages are likely to complicate 1522 
interpretation and actionability.  More research is needed to quantify the impact of preharvest control 1523 
measures and combinations thereof on patterns of Salmonella levels, which would also improve the 1524 
ability of risk models to estimate impacts and hence the cost-effectiveness of Salmonella control 1525 
actions.  1526 
 1527 

 1528 

The Working Group for Questions 3 and 5 felt that Questions 3 and 5 were related, and in fact Question 5 1529 

may be a sub-part of Question 3. The consensus was to develop a knowledge base of the information 1530 

currently available and use that to further develop an answer to these questions. 1531 

 1532 

Q3. What types of microbiological criteria could be established for poultry carcasses, parts, and 1533 

comminuted products prior to applying interventions and after interventions, considering current 1534 

technology? 1535 

a) Could the quantity of Salmonella or quantity of microbiological indicator organisms (e.g., APC) be 1536 

used? What are the key parameters that need to be considered? What data analysis techniques 1537 

could be used? How would these criteria be linked to human illness?  1538 

b) How could serotypes frequently associated with human illness be considered in the development 1539 

of microbiological criteria?   1540 

 1541 

Summary of Question 3 Response While indicator organisms may be useful for process control to verify 1542 

that an intervention step has been applied (such as an antimicrobial carcass rinse), several unpublished 1543 
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studies (university and industry personal communications) suggest a very weak correlation between 1544 

concentration of indicator organisms (e.g., APC, Enterobacteriaceae) and presence or level of Salmonella 1545 

post-chill.  Rather, enumeration of Salmonella (not serotype specific) with a set limit of quantification 1546 

(limit to be determined pending further research) could be used to identify highly contaminated lots to 1547 

be diverted for further processing. Removing materials that are highly contaminated is expected to 1548 

reduce consumer exposure.  This may be even more important for comminuted, breaded stuffed 1549 

chicken products, injected poultry, parts and pieces, and similar products with high degree of handling 1550 

that can disseminate Salmonella through commingling of contaminated poultry meat.  The lack of 1551 

serovar-specific enumeration techniques limits the options to quantitation of generic Salmonella to be 1552 

used in combination with serotyping isolates.  Tracking changes in predominant serotypes from 1553 

incoming birds to finished product, trends over time (e.g., 3-5 years), and comparison with clinical 1554 

isolates associated with poultry will help direct improvement in preharvest control, understand 1555 

harborage points in the birds and environment, and develop processing intervention strategies. 1556 

 1557 

Q3a Use of quantification of Salmonella vs. indicator organisms as microbial criteria in poultry before 1558 

and after applying interventions 1559 

Salmonella prevalence (qualitative) testing does not differentiate between carcasses with low levels of 1560 

Salmonella vs. those harboring high levels that are more likely to cause illness (105, 150, 158). Risk 1561 

assessment suggest that while the prevalence of Salmonella, which is currently used in C{L{Ω 1562 

performance standards for poultry, affects the risk of salmonellosis, neither prevalence alone nor total 1563 

bacteria populations (e.g., APC; discussed in detail in Question 5 response) are correlated with the risk 1564 

of salmonellosis (94, 130). Rather, prevalence could be used in conjunction with Salmonella 1565 

enumeration or semi-quantitative testing. In the context of current strategies to control Salmonella 1566 

during processing, quantification of Salmonella as a performance standard may have a role in identifying 1567 

product batches harboring higher levels, which could be diverted for alternate processing. Further 1568 

refinement of standards may be possible as additional data and interventions become available. It is 1569 

recognized that several post-production factors could lead to an increase in Salmonella levels in the 1570 

product before consumption; hence low but non-zero levels at product packaging could still pose a non-1571 

negligible risk. 1572 

 1573 

Currently, the Pathogen Reduction Performance Standards does not require that poultry processors 1574 

conduct pathogen testing. Rather, monitoring compliance with the Pathogen Reduction regulatory 1575 

requirements is conducted by FSIS. Statistically demonstrable performance that is worse than a set 1576 

standard (or, in the future, not meeting a selected Key Performance Indicator- KPI (197))  could trigger a 1577 

Comprehensive Food Safety Assessment by FSIS (or other measure to be established). Establishments 1578 

that fail to maintain the required documentation, including documented efforts to improve 1579 

performance, would be subjected to the Rules of Practice at 9 CFR, Section 500 (39), including, as 1580 

appropriate, the Suspension of Inspection. ¢ƘŜǊŜ ƛǎ ǎƻƳŜ ŜǾƛŘŜƴŎŜ ǘƘŀǘ ǇǳōƭƛŎ ǇƻǎǘƛƴƎ ƻŦ ŜǎǘŀōƭƛǎƘƳŜƴǘΩǎ 1581 

performance may have contributed to prevalence reduction across the industry (128). 1582 

 1583 

Potential MC approaches applicable to postharvest poultry processing 1584 

In poultry processing establishments, data on Salmonella occurrence and/or levels could be collected at 1585 

multiple in-process steps (Figure 5): ǎǘǳƴƴŜŘ κ ǎƭŀǳƎƘǘŜǊŜŘ κ άŦŜŀǘƘŜǊ ƻƴέ ŎŀǊŎŀǎǎŜǎΣ Ǉƻǎǘ ǇƛŎƪŜŘ 1586 
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carcasses, carcasses at rehang, post-evisceration / pre-chill carcasses (both on-line processed carcasses 1587 

and off-line reprocessed carcasses and parts), post-chill carcasses and parts (off-line processed parts), 1588 

and post-processing (immediately prior to packaging) finished products (e.g., cut portions, deboned 1589 

portions, giblets, and comminuted product). Such monitoring data could be used in several ways to 1590 

inform process control and risk management actions and used for performance standards in lieu of the 1591 

current Salmonella prevalence model. 1592 

 1593 

When choosing MC, the feasibility and usefulness of serovar-specific approaches should be considered. 1594 

For example, the lack of enumeration techniques for specific serovars limits the option of serovar-1595 

specific MC to qualitative ones. Several options for MC during processing could be considered, including: 1596 

¶ Prevalence-based (qualitative) MC on the pathogen in the finished product 1597 

¶ Concentration-based (quantitative or semi-quantitative) MC on the pathogen in the finished product 1598 

¶ Concentration-based (quantitative) MC on the pathogen during processing (e.g., at one stage, or 1599 

reduction between two or more stages) 1600 

¶ Concentration-based (quantitative) MC on an indicator organism during processing (e.g., at one 1601 

stage, or reduction between two or more stages) 1602 

¶ A combination, e.g., a quantitative indicator MC at processing and a quantitative or qualitative 1603 

pathogen MC in the finished product  1604 

¶ A combination, e.g., of a qualitative MC on selected serovars and a quantitative MC on all Salmonella. 1605 

 1606 

To implement the MC approaches under different scenarios as aforementioned, regular samplings at 1607 

different stages of the poultry supply chain are required. Though no sampling plan can warrant the 1608 

absolute absence of Salmonella, sampling on a regular basis at targeted points following well-designed 1609 

protocols can be used to measure the deviation of contamination from baseline, determine the needs of 1610 

corrective plans, and verify the effectiveness of implemented safety management practices and 1611 

corrective actions. Simulation results conducted by EFSA showed that an increased number of samples 1612 

tested for Salmonella is associated with a reduced possibility of produced batches being rejected (57). 1613 

 1614 

If a concentration-based MC is established, once the MC threshold concentration is defined, it is 1615 

necessary to identify with sufficient accuracy whether a sample is above or below the threshold (i.e., a 1616 

semi-quantitative approach) in order to prove that the MC has been met. This approach is already used 1617 

by some companies to assess their processes (158). At the same time, the full quantification information 1618 

provides additional information that can be used for trend and root cause analyses in support of process 1619 

control protocols. The tradeoffs of test sensitivity and quantitative target are discussed in Question 1.   1620 

For the purposes of evaluating the microbiological reductions achieved during processing, as well as 1621 

plant hygiene and process control (including biomapping), metrics based on indicator microorganisms 1622 

such as Enterobacteriaceae (EB) or Aerobic Plate Count (APC) could be tested (16, 48, 150). The data 1623 

deriving from such testing are relatively inexpensive and, given there is no need for a pathogenic 1624 

positive control culture, the testing may be conducted using simple, standard microbiological methods 1625 

at onsite laboratories - avoiding the need for expensive and time-consuming sample shipment to 1626 

centralized, bio-secure testing laboratories. However, at this time data on the association between 1627 
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metrics based on levels of indicator organisms and presence or levels of Salmonella in poultry during 1628 

processing are still scarce and inconclusive (see Question 5).  1629 

 1630 

MC combining Salmonella thresholds (or thresholds in selected serotypes) and indicator microorganism 1631 

thresholds are possible and could provide complementary information on both process control and 1632 

public health risk. For example, more frequent indicator testing combined with relatively less frequent 1633 

Salmonella testing might provide cost-effective information to assess whether additional risk control 1634 

measures are necessary, in a timely fashion. Although more evidence is needed to estimate the 1635 

effectiveness of such approaches, QMRAs based on existing evidence to derive different scenarios of 1636 

efficacy could inform the public health impact of such approaches and inform more targeted data 1637 

collection efforts. 1638 

 1639 

Examples of Canadian and EU Microbial Criteria for Salmonella in finished poultry products, and 1640 

Salmonella control programs: 1641 

¶ In Canada, a surge in Salmonella Enteritidis (SE) infections occurred in 2016-2018, and many 1642 

outbreaks were linked to raw breaded processed poultry products including chicken nuggets, 1643 

chicken strips, and chicken tenders (personal communication, Kate Thomas, Canadian Food 1644 

Inspection Agency; (81)). The outbreaks prompted regulatory changes requiring that such products 1645 

either be cooked before being sold or tested and shown to be Salmonella-free; the rules were 1646 

finalized in early 2019 (21). SE cases reported in Canada fell by more than 50%, from ~13 per 1647 

100,000 in 2017 to 5.8 per 100,000 in 2019 (21).  1648 

¶ The EU adopted a similar approach for finished poultry products to what was adopted for flocks. The 1649 

EU regulation (62) was set in 2003 to take effect in December 2011 targeting the absence of 1650 

Salmonella spp. in carcasses and fresh poultry meat (broilers, laying hens, turkeys). Since by 1651 

December 2011 most poultry flocks would have been out of compliance from a target <=1% flock-1652 

level prevalence, the EU created a new regulation (64), also starting in December 2011, where only 1653 

S. Typhimurium and S. Enteritidis would have needed to be absent from fresh poultry meat and 1654 

carcasses, based on an EFSA report citing those two serovars as causing approximately 80% of all 1655 

salmonellosis in the EU (65). Serotyping is carried out via culture methods (White-Kauffmann-Le 1656 

Minor scheme) (63). In contrast, poultry meat preparations intended to be eaten cooked (e.g., 1657 

salted raw poultry meat) were regulated under a different law (63) that required absence of all 1658 

Salmonella in 25 grams and remained unmodified.  Despite these measures, no consistent decline 1659 

has been observed in human salmonellosis in the EU as a whole (Figure 7). 1660 

 1661 

One possible approach relevant to MC ς as well as to other risk management frameworks- involves 1662 

process control (77, 100, 101) where the standard to be met is phrased as the consistent maintenance 1663 

of a microbial (or other) parameter at (or below, if appropriate) a specified level over time, within a 1664 

specified tolerance. A detailed description of statistical process control in the context of food 1665 

processing, including poultry, can be found in a previous NACMCF report (114). Data from each 1666 

monitoring location would be statistically analyzed to assess process trends over time and space, e.g., 1667 

utilizing Statistical Process Control Charts (e.g., Xi & MR charts). Other relevant measures may be 1668 

recorded, such as source of the flock being slaughtered, season of the year, line speed, temperature of 1669 

scalding, and any relevant metrics of interventions being employed. Statically significant trends 1670 
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departing from SPC parameters (i.e. άƻǳǘ ƻŦ ŎƻƴǘǊƻƭέ ǎƛƎƴŀƭǎύ could trigger a corrective action plan to 1671 

restore the target performance level or to capture the improved performance towards such target. 1672 

Corrective actions could be informed by root cause analyses or longer-term trend analyses, which could 1673 

identify factors associated with deviations from target metrics, possibly including occurrence/levels of 1674 

the pathogen to control. Deviation from process control could also trigger risk control actions in the case 1675 

that product had been processed while not in-control, for example possibly including -in the future- 1676 

treatments of proven effectiveness. Documented Salmonella abatement technologies applicable to raw 1677 

poultry products exist, such as high-pressure processing or irradiation (159) or peracetic acid (22).  1678 

 1679 

A process being in statistical control is not equivalent to the process meeting microbiological 1680 

specifications (114). For process control metrics to be part of a MC, a quantitative relationship to 1681 

Salmonella presence or concentration would be needed. That is, this approach would require defining 1682 

an acceptable risk-based target level of the adopted metric. A process control metric could be assessed 1683 

at a specific processing stage (similarly to a MC), but could also be evaluated over longer time spans, 1684 

hence capturing longer-term processes including the impact of corrective actions that take longer times 1685 

to be implemented or take effect. Quantitative microbiological analyses would provide substantially 1686 

improved data to assess the status of process control. Documenting corrective actions would be needed 1687 

to both demonstrate that such action was taken, and to build further evidence of its effectiveness in real 1688 

settings. A process control approach involves extensive data collection and analysis, and hence could be 1689 

resource-intensive. However, advances in management and rapid analysis of large datasets could 1690 

increase feasibility. Issues of equity across large and small establishments should be considered. 1691 

 1692 

Q3a What are the key parameters that need to be considered in developing MC?  1693 

Parameters of the sampling and testing protocol can impact the value of the resulting information, for 1694 

instance the point of sampling, the frequency of sampling in relation to product flow rate, sample 1695 

volume or weight, assay sensitivity and specificity, and how test results are analyzed (e.g., summarized 1696 

over which time frame or moving window, or by product flow rate). Key parameters may vary depending 1697 

on the scope of a MC, e.g., characterizing the performance of an establishment (άprocess hygiene 1698 

criteriaέ) vs. assessing a batch of product (άfood safety criteriaέ). A summary of MC parameters 1699 

impacting risk, and hence also QMRA estimates of MC impacts, are outlined in Question 1. Selected 1700 

aspects are illustrated below. 1701 

 1702 

Assay parameters. If considering molecular quantification methods for Salmonella instead of culture-1703 

based methods such as MPN, the assays should be able to provide consistent, sensitive quantification at 1704 

low bacterial loads (e.g., well under 1 CFU/g, depending on which MC threshold would result in the 1705 

target illness reduction) in order to capture the majority of the bacterial concentrations observed post-1706 

chill. For example, in the 2007-2008 poultry baseline study (183), FSIS collected 3,275 samples post-chill, 1707 

and 267 (8.15%) were positive. From those, the most common level was 0.036 CFU/g, while only 18 1708 

samples (6.7%) exhibited concentrations above 1 CFU/g. Extrapolating those figures to the current 1709 

Salmonella prevalence in poultry of roughly 4.5% and assuming that bacterial concentrations has 1710 

remained the same (it is likely lower, since prevalence has declined since), if 10,000 poultry samples 1711 

were taken annually, over 93% of the 450 expected positive samples would have concentrations under 1 1712 

CFU/g. In contrast, an average of 2-3 samples a month would have loads above that threshold. This 1713 
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stresses the importance of quantification methods reliable at low concentrations, in particular in the 1714 

range of considered MC thresholds. The different performances of quantitative tests are further 1715 

discussed in Question 6.  1716 

The point above is also true for serotype-specific MC, which would also require high specificity to the 1717 

considered serotype. In addition, biases in the detection and quantification of different serotypes may 1718 

be introduced by different assays, as discussed in Question 7. 1719 

 1720 

Metrics demonstrating effective process control. Key parameters include the absolute quantitative 1721 

microbiological performance or other Key Performance Indicator (KPI) demonstrating sequential 1722 

microbiological reduction (as measured by the indicator microorganisms, as the expected low 1723 

quantitative levels of Salmonella spp. results may not result in a statistically meaningful reduction 1724 

between sequential processing steps) through each step of the process. Process control could be 1725 

demonstrated by statistical stability demonstrating consistent microbiological reductions through the 1726 

process and/or indications of statistical trends that are evaluated via root cause analyses to drive 1727 

continuous process improvement. A quantitative threshold in Salmonella levels at a specific stage (e.g., 1728 

finished product) would also be needed to assess whether the process consistently results in sufficient 1729 

bacterial reduction to protect public health, based on risk targets (while still in the context of continuous 1730 

improvement).   1731 

 1732 

Q3a How would these criteria be linked to human illness? Any MC and associated risk control measures 1733 

should be risk-based, that is linked to human illness burden targets, and/or associated Salmonella levels 1734 

in finished products. As discussed in Question 1, if MC result in a sustained reduction of human 1735 

salmonellosis, the combination of measures implemented to control Salmonella would be reflected in 1736 

epidemiological data. However, given the year-to-year variability in salmonellosis reporting, a consistent 1737 

reduction in salmonellosis might still take several years to be evident in the epidemiological data. QMRA 1738 

models can be used to estimate the impact of individual measures and help determine the extent of 1739 

testing and corrective actions necessary to reduce burden by a target amount. For example, QMRA 1740 

models indicate that reduced concentrations of Salmonella on consumer-ready poultry products is likely 1741 

to yield a reduction in human cases of salmonellosis (see Question 1).  1742 

 1743 

Through process control and associated continuous improvement methodologies, the poultry industry 1744 

could be required to demonstrate processes are consistently capable of meeting the quantitative 1745 

microbiological performance standards/MC combined with efforts to continuously improve process 1746 

performance and capability. 1747 

 1748 

Qualitative vs quantitative MC 1749 

Qualitative MC are based on presence/absence (detection/non-detection) of the pathogen in a sample 1750 

and are thus represented in terms of the proportion of positives out of the total samples (i.e., 1751 

prevalence). Quantitative MC instead are based on the concentration of the pathogen found in a 1752 

sample. But both prevalence and concentration metrics stem from the same underlying distribution of 1753 

concentration, i.e., cell numbers per unit weight in the product. Hence, prevalence and concentration 1754 

MC are not completely separated approaches. As described in Question 1 and under Assay parameters 1755 

in this chapter, Salmonella concentrations in U.S. poultry are low, with only 6.7% of samples above 1 1756 
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CFU/g post-chill in the 2007-2008 poultry baseline study performed by FSIS (183). So in order to 1757 

implement a quantitative MC, assays should be able to characterize all concentrations found in poultry 1758 

products, and at the very least at and above a candidate MC threshold of public health significance. 1759 

Complexity is added by variability across lots, flocks, establishments, regions, etc., which is not well 1760 

characterized. Some authors have proposed that a linear relationship between prevalence and illness 1761 

incidence exists for Salmonella at low concentrations (53, 55), which would make it sufficient to use 1762 

prevalence in low concentration settings. However, the current qualitative performance standards and 1763 

subsequent prevalence reduction in poultry meat and products have not resulted in a corresponding 1764 

decrease in human salmonellosis from poultry in the US. Current evidence supports that a quantitative 1765 

MC on finished product, if set at an appropriately protective threshold and using a rapid test, could 1766 

identify product batches that require additional processing before being sent to retail (in addition to 1767 

informing process control). More evidence would be needed to support a quantitative MC upstream 1768 

during processing, e.g., carcasses at rehang, which would allow for more time to adapt processing 1769 

operations based on test results. Evidence relevant to MC options including levels of indicator organisms 1770 

is discussed in Question 5. 1771 

 1772 

It is possible that a quantitative MC for selected or all serovars, in combination with a qualitative MC 1773 

targeting select serovars of high public health concern, might result in a more marked reduction in 1774 

human salmonellosis, if a stricter MC were to be applied for serovars of high concern compared to 1775 

current qualitative performance standards. The efficacy of such MC options and specific MC thresholds 1776 

should be evaluated using QMRAs, as further described in Question 1. Relevant target metrics would be 1777 

the concentration of generic Salmonella in a sample of set weight, and the frequency of detection of 1778 

high-concern serovars. Even more important than the distinction between qualitative and quantitative 1779 

targets is the implementation of risk control measures associated with a MC, either voluntarily or via 1780 

enforcement. Question 1 provides a brief review of risk-based studies that illustrate how both 1781 

prevalence-based and concentration-based MC, associated with effective control actions, can 1782 

potentially reduce illness burden, if control actions are implemented. 1783 

 1784 

Q3b: How could serotypes frequently associated with human illness be considered in the 1785 

development of microbiological criteria?     1786 

Considerations outlined above, including both MC on finished products as well as MC approaches at 1787 

establishment level that adopt a process control approach, are also applicable to serovar-specific MC. 1788 

 1789 

Adopting a process control approach, the poultry processing industry could potentially be required to 1790 

assess the serotype of each Salmonella spp. sample positive result against a FSIS-maintained list of 1791 

serotypes of public health concern and maintain failure rate statistics or other KPIs from tracking trends 1792 

in the frequency of detection of those serotypes. To provide a hypothetical example, a process control 1793 

metric/KPI could be required to track and trend the frequency of isolation of serotypes of public health 1794 

concern, reported per standard production unit of measure (e.g., per 1,000 head slaughtered).  Such KPI 1795 

could be calculated annually by FSIS from accumulated establishment-specific data for each 1796 

establishment size (as defined in the PR-HACCP regulations). Frequency of sampling is a key parameter 1797 

to obtain adequate detection power and actionable information and should be included in assessments 1798 

of MC impact (see Q1). Continuing with this example, all statistically significant trends above a 1799 
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threshold, signaling recurring loss of process control, could trigger a Comprehensive Food Safety 1800 

Assessment by FSIS, or other measures to be established. Establishments that fail to maintain the 1801 

required documentation demonstrating efforts to improve performance and reduce the frequency of 1802 

the target Salmonella serotypes, could be subjected to the Rules of Practice at 9 CFR, Section 500, 1803 

including, as appropriate, the Suspension of Inspection. Trends signaling loss of process control could 1804 

also be evaluated (voluntarily or not) using root cause analysis tools to determine the cause, to facilitate 1805 

efforts to ensure the reduced frequency of detection is sustainably maintained in the future, hence 1806 

driving continuous process improvement efficiently. In assessing the potential impact of different MC, 1807 

the effectiveness of establishment-level corrective actions (e.g., a FSIS Food Safety Assessment) should 1808 

be compared to the effectiveness of risk control measures demonstrated to reduce Salmonella (or the 1809 

target serovars) on the product, as well as combinations of establishment-level and product batch-level 1810 

approaches. 1811 

 1812 

The answer to Question 4 provides a reasoned review of the factors and available data and approaches 1813 

to consider in vetting Salmonella serovars of priority public health interest linked to poultry 1814 

consumption, for the potential design of a serovar-specific MC. 1815 

 1816 

Q5. There is a documented correlation between a reduction in the quantity of APC between carcasses 1817 

and finished products and the occurrence of Salmonella in finished products for beef, pork, and 1818 

poultry. How might this information be used to set microbiological criteria to assess process 1819 

(pathogen) control in poultry? 1820 

 1821 

The objective of microbiological performance standards or MC is to control the contamination of 1822 

pathogens in foods along the supply chain, and ultimately mitigate associated public health risks. From 1823 

this perspective, a pathogen-based performance standard provides the most relevant information on 1824 

which to base risk management actions. However, its implementation in practice can be laborious, 1825 

highly resource-demanding, and sometimes problematic, for instance considering the very large sample 1826 

size needed for an acceptable statistical power to correctly classify a food production establishment into 1827 

either high or low contamination groups in particular, when the rate of occurrence of contaminated 1828 

food units is low (209). Hence, it is worthwhile to explore methods to supplement the pathogen-based 1829 

system for the development and implementation of microbiological performance standard by regulatory 1830 

agencies and the food industry in a more feasible and effective manner. 1831 

 1832 

Employing indicator organisms to reflect the microbiological status in water and foods can be traced 1833 

back to more than one century ago. Since then, their use has become widespread in microbiological 1834 

testing programs employed by regulatory agencies and the industry. Albeit the most common use is to 1835 

evaluate the microbiological quality of food and predict the product shelf life, indicator organisms are 1836 

frequently used as safety indicators to determine the presence of foodborne pathogens, identify the 1837 

insufficiency in meeting GMPs requirements, and assess the integrity of process control. The long-1838 

established usage of indicators suggests the potential of an indicator-based performance standard in 1839 

foodborne pathogen control, representing an analytical substitute for the detection of the target 1840 

pathogen. Indicator organisms do not directly represent the specific target pathogen but are used to 1841 
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suggest the possible presence of a specific organism or source of contamination, or the occurrence of 1842 

low hygiene conditions.  1843 

 1844 

While there are no identified organisms that directly reflect the presence or absence of Salmonella in 1845 

poultry (193), several indicators have been used for foods in specific applications for ongoing verification 1846 

of process control, including aerobic plate count (APC), coliform group, generic E. coli, and 1847 

Enterobacteriaceae. These commonly tested nonpathogenic bacteria can be considered as the 1848 

candidates to evaluate their suitability in the use of indicator-based performance standard for 1849 

Salmonella control, for several reasons. These indicators naturally share ecological association with 1850 

Salmonella, such as their common enteric origin and similarity in taxonomic classification. USDA FSIS 1851 

uses E. coli as the major determinant for the development of process control verification criteria in meat 1852 

and poultry (9 CFR 310.25). Nationwide, FSIS conducted the baseline sampling of the four indicator 1853 

bacteria through Young Chicken Survey (183) and Young Turkey Survey (184) to inform the 1854 

establishment of statistical process control limits and procedures. In addition, a substantial amount of 1855 

data is generated by poultry industry and/or academic researchers. Federally inspected establishments 1856 

may collect samples on a routine basis at more processing steps and a higher frequency in comparison 1857 

to the regulatory sampling programs (48). With the increasing availability of extensive nationally 1858 

representative data, there is an opportunity to combine and analyze these multi-source datasets to 1859 

address the important question of whether an alternative performance standard built upon indicator 1860 

organisms can be effective in process control improvement and food safety protection against 1861 

Salmonella. 1862 

 1863 

When considering candidate indicator organisms, several attributes should be considered. Based on the 1864 

International Commission on Microbiological Specifications for Foods (ICMSF), the following attributes 1865 

are suggested for the selection of a safety indicator suitable for the use in an indicator-based 1866 

performance standard (87, 171): 1867 

 1868 

¶ Characteristics of the indicator can be stably identified over time and through food production and 1869 

processing steps. 1870 

¶ The presence or level of the indicator organism indicates (e.g., semi-quantitatively or 1871 

quantitatively) the degree of the potential for contamination, or lack of process control. Testing 1872 

results provide actionable feedback for process control. 1873 

¶ The detection and/or quantification of the indicator should be easy, rapid, inexpensive, sensitive, 1874 

reliable, and safe for an in-establishment use. 1875 

¶ The responses of the indicator to the intrinsic properties of foods and extrinsic conditions of the 1876 

food production and processing environment should behave in a similar but slightly more 1877 

conservative manner in comparison to the target pathogen (e.g., inactivation, growth, and survival 1878 

kinetics). For example, growth of the indicator should be slightly faster, while survival of the 1879 

indicator should be greater in response to the food safety hurdles. 1880 

¶ Quantitative/qualitative correlation between the level of the indicator and the level of target 1881 

pathogen can be established. 1882 

 1883 
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The usefulness of an indicator depends on the purpose of its testing. The reliability of an indicator to 1884 

predict the presence or amount of a target pathogen, needed in a risk-based MC, is related to the 1885 

strength of the quantitative correlation between the presence or amount of the two. In many cases, 1886 

there may not be a strong statistical correlation between the presence or amount of an indicator and 1887 

the presence or amount of a specific target organism.  However, this does not rule out the usefulness of 1888 

the indicator for the industry as a method of monitoring process control, where indicator trends and 1889 

patterns can highlight deviations from normal or target conditions and inform adjustments, e.g., in 1890 

terms of plant hygiene, achieved microbial reduction, or presence of a deviation to investigate (61). 1891 

Trends in the levels of the indicator organism may be associated with other process variables, which 1892 

may ultimately contribute to the presence of the target pathogen. This is an area where biomapping 1893 

research and industry data on Salmonella levels could provide valuable insights. 1894 

 1895 

Mesophilic aerobic populations may be useful to indicate the degree of process control, with the 1896 

understanding that there are many variables which may affect the outcome. Mesophilic aerobic 1897 

bacterial populations, commonly referred to as Aerobic Plate Count (APC), is simply a reflection of the 1898 

bacteria present in a sample which will grow under the proscribed conditions of plating media, 1899 

incubation temperature and incubation time. As such, the initial composition of the microbiota in the 1900 

sŀƳǇƭŜ Ƙŀǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ƻǳǘŎƻƳŜ ƻŦ ǘƘŜ ŀƴŀƭȅǎŜǎ ŀƴŘ ǘƘŜ !t/ ƛƴ ƴƻ ǿŀȅ ǊŜŦƭŜŎǘǎ ǘƘŜ άǘƻǘŀƭέ 1901 

microbial population in the sample.  1902 

 1903 

There is limited and inconclusive evidence on the correlation between indicator organisms and 1904 

Salmonella at specific stages during poultry processing. For instance, using FSIS data a lack of meaningful 1905 

correlation was found between generic E. coli (GEC) and Salmonella (208), while one study (broadly 1906 

summarizing data from 20 establishments) suggests a potentially high association (2). In addition, 1907 

unpublished data provided by the poultry industry and university researchers suggests that indicator 1908 

bacteria have very limited predictive value for Salmonella prevalence  [unpublished industry data, 1909 

personal communications, A. Siemens, Cargill;  R. Kalinowski, Tyson; E. Moorman, Butterball, and ref. 1910 

(150).] 1911 

 1912 

Approaches to Salmonella control based on the concentration of indicator organisms have been 1913 
investigated or applied for other products. For example, the Agricultural Marketing Service (AMS) 1914 
analyzes beef samples as part of procurement requirements for federal nutrition assistance programs 1915 
(202, 203). This program tests samples at two points during processing (boneless beef trims, and the 1916 
finished product i.e., ground beef) for Aerobic Plate Counts (APC), Total Coliforms, and Generic E. coli 1917 
(GEC), as well as for the presence of Salmonella and STEC and/or E. coli O157:H7. Any lot or sublot 1918 
exceeding critical limits (i.e., MC), including specified indicator concentrations and presence of 1919 
Salmonella in 325 g of product, are identified and diverted from federal nutrition assistance programs 1920 
(202, 203). AMS beef data from 2015 to 2018 suggest trends could be investigated in the context of 1921 
other MC that combine target pathogen(s) and indicators.  Overall, exceedance of indicator critical limits 1922 
was not significantly correlated with the presence of either Salmonella or pathogenic E. coli (202, 203). 1923 
Based on preliminary findings, the correlation between indicator concentration and Salmonella 1924 
prevalence also appeared weak [personal communication, D. Doersher, USDA-Agriculture Marketing 1925 
Service and(203)]. However, some trends emerged. For example, the correlation between any of the 1926 
three indicators was found to be higher in pathogen-positive samples, and indicator levels were higher 1927 
on some days of the week.  1928 
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 1929 

The predictive value of indicator patterns and time trends in providing process control and pathogen 1930 

occurrence information should also be considered, in addition to indicator-Salmonella association at a 1931 

specific point. A promising example is APC reduction between two process stages. Currently many 1932 

poultry establishments are sampling poultry carcasses at the re-hang step and after chilling using a 1933 

whole carcass rinse (182). Based on retrospective analyses of regulatory data, one study found a weak 1934 

but non-negligible correlation between Salmonella prevalence and the log10 difference in APC levels 1935 

from rehang to post-chill carcass samples (correlation coefficient of -0.4) (209). ¢ƘŜ άǘǊǳŜέ ŎƻǊǊŜƭŀǘƛƻƴ ƻŦ 1936 

this relationship may vary from establishment to establishment, but the change in population may be 1937 

useful as a means of monitoring process control. If these findings were confirmed by additional data, 1938 

ideally including Salmonella levels, a MC based on a minimum APC reduction between two processing 1939 

stages, quantifiable via existing assays, might be a viable MC candidate metric. An assessment of the 1940 

potential performance of a similar MC was carried out for U.S. beef carcasses (210). Conversely, one 1941 

study compared two groups of establishments implementing two different intervention approaches. 1942 

Both groups had significant reduction in APC and EB levels throughout processing. However, differences 1943 

in indicator reduction between the two groups did not correspond to different Salmonella levels in the 1944 

product, suggesting a lack of or weak correlation that warrants further analysis (48). 1945 

 1946 

Another possible approach to indicator-based metrics is provided by the 2014 Modernization of Poultry 1947 

Slaughter Inspection Rule (181). Rule provisions include voluntary testing for indicators at pre-chill (re-1948 

hang) and post-chill and encourages the use of the reduction in indicator levels between these two 1949 

stages as a metric supporting process control, in addition to biomapping (188) . Analysis of industry data 1950 

on indicators collected as part of this program, combined with regulatory and voluntary testing for 1951 

Salmonella, could contribute insights into the effectiveness of indicator-based metrics in predicting 1952 

potential pathogen contamination, and in supporting process control. Moreover, indicator-based 1953 

metrics should be considered together with non-microbiological process metrics or online inspection 1954 

endpoints, such as presence of visible fecal matter on a carcass, or off-line inspection procedures such 1955 

as scheduled-and-performed procedures and observed and recorded non compliances (188, 190). If this 1956 

data is used to enhance process control, then the results could be beneficial in lowering the prevalence 1957 

of non-Typhoidal Salmonella in raw poultry. 1958 

Evidence is insufficient on the association of indicators with specific Salmonella serotypes. Data from the 1959 

poultry industry has shown a quantifiable reduction in Salmonella concentration during processing, from 1960 

hot rehang to the subsequent processing stages to the finished product (chicken parts), consistent with 1961 

the decline in Salmonella prevalence along the process (12, 93). These data illustrate that, while 1962 

quantification at the low concentrations observed in finished product can be problematic, 1963 

quantifications at earlier processing stages for the purposes of a process control target/MC is feasible, as 1964 

an alternative to process control metrics based on indicator organisms.   1965 

 1966 

In conclusion, within the limitations and evidence gaps described above, APC of other indicators 1967 

measured at a specific processing stage are unlikely to have a satisfactory predictive value for the 1968 

presence, level, or virulence of non-Typhoidal Salmonella. That is, Salmonella may be present in samples 1969 

which contain low, intermediate, and high populations of indicator bacteria. However, a change in APC 1970 

from an early sampling point on the slaughter line to a final sampling point on the processing line, as 1971 
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well as absolute levels at the final point, may provide useful information about the effectiveness of the 1972 

process in maintaining hygienic conditions. As such, APC trends may be useful to enhance process 1973 

control protocols, which in turn could be beneficial for controlling Salmonella. Further analyses would 1974 

be necessary to determine whether it could be beneficial to more explicitly include indicator trends as 1975 

additional MC metrics. In the future, once Salmonella prevalence and/or levels are low enough that 1976 

testing assays may not able to reliably detect its presence, i.e., the proportion of non-detects increases, 1977 

the value of information from indicator organisms to indicate departures from process control may 1978 

increase.  1979 

 1980 

Additional considerations on how indicator organisms can be included in MC is provided in Question 3. 1981 

Additional consideration on how indicator organisms can be included in QMRA models to estimate the 1982 

impact of MC is provided in Question 1. 1983 

 1984 

Q6. What rapid methods and technologies are available for the quantification of Salmonella? How 1985 

should FSIS make the best use of these methods? 1986 

 1987 

Quantitative MC may be used in the processing plant under FSIS jurisdiction as either a product-release 1988 

criteria or as a method to measure effectiveness of interventions. Rapid molecular quantitative methods 1989 

might also be used by the farm to establish levels of Salmonella present, both as a potential hazard 1990 

entering the plant and potentially also to evaluate interventions on the farm. There are two 1991 

commercially available, AOAC validated methods for the quantification of Salmonella at the time of 1992 

publication, in addition to traditional cultural approaches such as MPN or plate counts on selective or 1993 

chromogenic agars. One method includes an enrichment step, while the other does not (Table 6). 1994 

Enrichment means that the sample is kept for a defined time at conditions that favor Salmonella growth, 1995 

if present, to increase the sensitivity of the assay. In currently available assays, enrichment allows 1996 

detection and quantification of Salmonella at concentrations as low as 1 CFU/g or mL. However, 1997 

significant biases due to variability in growth rate and competitive flora are associated with enrichment 1998 

(see Question 7). Not including enrichment eliminates most of these biases, but only achieves a higher 1999 

limit of quantification of about 10 CFU/g or mL. 2000 

 2001 

6.1 Background: traditional culture methods for enumeration 2002 

Cultural-based methods have historically been used to determine the concentration of microorganisms 2003 

in a sample (i.e., for bacteria, cells per unit of volume or weight). The population is enumerated or 2004 

estimated by either using agar plate count or Most Probable Number (MPN) methods. MPN is utilized 2005 

when organisms are at lower levels (i.e., <10 CFU/g or mL) or when an enrichment is needed to address 2006 

resuscitation, possibly from injury. In the food processing chain, Salmonella is subjected to various 2007 

unfavorable environmental conditions (i.e., heat, sanitizers, storage conditions, etc.) that, if not resulting 2008 

in a cell death, can lead to the formation of injured, stressed, or viable but not culturable cells, which 2009 

can negatively impact enumeration (52, 134, 148).  2010 

 2011 

MPN analysis requires multiple test portions to be analyzed from the same sample, requiring significant 2012 

resources of time and supplies (media and laboratory disposables) and associated costs. Time-to-result 2013 

is dependent upon the detection system used for determining the presence of Salmonella. After 2014 
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incubation, a reference cultural method or a rapid detection system can be used to determine positive 2015 

growth. The USDA Microbiology Laboratory Guidebook presents a dilution scheme for MPNs in 2016 

Appendix 2.05 (187), with analyses following the method in Chapter 4.12 for the detection of Salmonella 2017 

(194). This method describes both the cultural approach and molecular detection system (174).  Using a 2018 

rapid detection system following enrichment of multiple samples for MPNs shortens the time-to-result 2019 

(187, 194). 2020 

 2021 

Plating for enumeration requires selective media, including chromogenic media, to allow for 2022 

identification of typical Salmonella isolates in the presence of high levels of background microbiota as 2023 

what would be found in raw poultry. While plating for enumeration is relatively easy from a laboratory 2024 

operations perspective compared to MPNs, there are challenges due to the inability to recover injured 2025 

cells or detect fastidious strains or serotypes that may be inhibited by selective additives As result, 2026 

plating methods can underestimate levels of viable Salmonella that pose a risk to public health  (52, 99, 2027 

127, 141, 148).  These limitations can be mitigated by using fluorescent-based methods (38, 142) 2028 

and non-culture-based enumeration techniques (1, 132).  2029 

 2030 

6.2 Available rapid methods and technologies  2031 

In recent years, methods have been developed using quantitative PCR (qPCR) for enumerating 2032 

Salmonella in poultry. The cycle threshold (CT) value, which is inversely related to the amount of 2033 

Salmonella in the sample, is used to quantify the number of colony-forming units (CFUs) (4).  Many of 2034 

these methods require that the sample is enriched in specified media for a prescribed time and 2035 

temperature (See Appendix D Tables 6 and 7). One method that has been developed without 2036 

enrichment uses centrifugation of the sample to concentrate cells (bioMerieux Gene-Up Quant 2037 

Salmonella). Two of these methods, IȅƎƛŜƴŀΩǎ {ŀƭvǳŀƴǘϰ ŀƴŘ ōƛƻaŞǊƛŜǳȄΩǎ D9b9-UP® QUANT 2038 

Salmonella, have been validated by AOAC Performance Tested Method certification for enumeration of 2039 

Salmonella in 2021 and 2022, as presented in Appendix D Table 6.  2040 

 2041 

Other enumeration assays that have been developed or are expected to be commercialized with varying 2042 

levels of evaluations from internal data or collaborations with service laboratories or poultry producers 2043 

are presented in Table 7 in Appendix D. These methods include dd-Check Salmonella, iQ-Check 2044 

Salmonella, SalLimits, Molecular Detection Assay 2- Salmonella Quantification, and SureCount 2045 

Salmonella Species. Enumeration of Salmonella has been studied by using digital droplet PCR (ddPCR) 2046 

that uses partitioning live encapsulated bacterial cells (Bio-Rad). This approach can be achieved without 2047 

enrichment. Other methods are being developed including Loop-mediated isothermal amplification 2048 

(LAMP, see Appendix D Table 7). ThermoFisher developed a multiplex PCR method for enumeration of S. 2049 

Typhimurium and S. Enteritidis that is in the process of being validated at the time of print. 2050 

 2051 

6.3 How can USDA FSIS use these methods  2052 

Table 6 shows two current validated enumeration methods commercially available and their 2053 

specifications (as of the time of adoption of this document). These two methods,  IȅƎƛŜƴŀΩǎ SalQuantϰ 2054 

ŀƴŘ ōƛƻaŞǊƛŜǳȄΩǎ D9b9-UP Quant Salmonella , have AOAC Performance Tested Method (PTM) approval 2055 

being evaluated for robustness and tested in an independent laboratory according to guidelines for 2056 

selective matrices (3). The methods were compared to the USDA FSIS MLG MPN method as presented in 2057 
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Chapter 4.12 (174) and according to Appendix 2.05 (187).  Since these are enumeration methods, the 2058 

quantitative validation guidelines were used for the comparison (3). The limits of quantification as 2059 

shown in Table 6 present both the claim based on the target levels as defined in the guideline and the 2060 

actual limits from the validation study. It should be noted that, as part of AOACΩǎ PTM, concentrations as 2061 

low as 37 CFU/mL in poultry carcass rinse were tested (4, 5). Given that most concentrations observed in 2062 

poultry products are lower than this limit, additional validation may be warranted before new assays are 2063 

adopted for poultry testing.  2064 

 2065 

USDA FSIS can consider the validation status of each method, the impact of bias during the test 2066 

methods, the workflow when selecting Salmonella enumeration methods, and the ability of the 2067 

methods to detect the pathogen concentrations commonly observed in poultry. An enumeration assay 2068 

should also be considered in the broader context of the sampling protocol, including number and 2069 

frequency of samples collected in relation to product flow rate. Assay parameters relevant to MC are 2070 

also discussed in Question 1 (Table 2). 2071 

 2072 

As indicated in responses above, quantitative methods could be used to establish levels of Salmonella 2073 

leaving the farm, both as a potential hazard entering the plant and also as a method to evaluate 2074 

interventions on the farm. However, insufficient data is currently available to define actionable limits. 2075 

Quantitative methods could also be used in the processing plant as either a product-release criteria 2076 

(180) or as a method to measure effectiveness of interventions.   2077 

 2078 

 2079 

Q7. Are there particular approaches that would result in selective identification of the serotypes of 2080 

public health concern?   2081 

Is there strain selection bias introduced by laboratory methods? And if so, what strategies can be used 2082 

to mitigate this bias? 2083 

a.  For example, are there approaches to mitigate a potential strain selection bias introduced 2084 

by the laboratory method? 2085 

b.  If needed, what type of research could be conducted to ensure performance characteristics 2086 

of current laboratory methods (e.g., enrichment, incubation, pre-screening) do not result in a 2087 

biased serotype detection? 2088 

  2089 

Summary of Question 7 Response:  2090 

Laboratory methods used for detection, enumeration, and isolation can be biased toward specific strains 2091 

depending on media type, temperature and time utilized. While the intent of preenrichment is to 2092 

support growth of all Salmonella equally, differences in growth characteristics of Salmonella and 2093 

background microbiota may result in greater proportion of strains that are more robust. Further bias is 2094 

introduced if insufficient number of colonies are chosen for identification, which results in non-detected 2095 

serotypes within a mixed culture. There is no single procedure to mitigate bias. A single media type or 2096 

no enrichment mitigates bias by allowing a wider variety of Salmonella to be recovered that may be 2097 

affected by selective components. On the other hand, multiple selective enrichments or selective plating 2098 

media often lead to recovery of a wider variety of Salmonella strains and serotypes. At the time of this 2099 

publication, detection and quantification methods are under development that when successful will 2100 
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offer the possibility of simultaneous detection and quantification of multiple serotypes in the same 2101 

sample.  2102 

 2103 

Is there strain selection bias introduced by laboratory methods? And if so, what strategies can be used 2104 

to mitigate this bias?  2105 

Culture-based quantitative methods, as well as enrichments carried out prior to molecular assays, 2106 

provide an estimate of the number of organisms in a food relying on the medium employed and the 2107 

time and temperature of incubation (134). This is also the case for qualitative methods for determining 2108 

presence or absence. Both testing approaches depend upon the conditions for growth and whether they 2109 

are optimal for the target organism or group of organisms. Failure of the target organism or group of 2110 

organisms to be detected (or enumerated) can be attributed to intrinsic or extrinsic factors (e.g., time, 2111 

temperature, media) influencing growth. For the purposes of this response, the focus will remain on 2112 

Salmonella and strain selection bias.  2113 

 2114 

It is well-known that sampling, method choice, and enrichment practices have inherent biases due to a 2115 

variety of reasons. These biases impact detection of Salmonella and selective identification of serotypes. 2116 

Some examples include: 2117 

  2118 

¶ Whole carcass rinse preenrichment released more Salmonella cells than standard rinse aliquot 2119 

preenrichment. However, false negatives were observed at times and the approach failed to detect 2120 

all serotypes present; nonetheless, it was found to be the best method to determine true prevalence 2121 

by Cox et al, 2019 (41). Preenrichment bias impacts all serovars, although it is possible that different 2122 

serovars are impacted to different degrees. 2123 

¶ Non-selective media recipe may affect detection of Salmonella. Williams et al. (211) reported that 2124 

the proportion of chicken carcass samples that tested positive for Salmonella increased from 2125 

approximately 0.02 to almost 0.06 when the rinse changed from BPW to BPW with a neutralizing 2126 

agent. This was not the case for detection of Salmonella in chicken parts though. Media formulation 2127 

impacts all serovars, although it is possible that different serovars are impacted to different degrees 2128 

depending on their individual growth characteristics, such as generation time under otherwise ideal 2129 

conditions, utilization of nutrients, and ability to equally compete with other microbes in the 2130 

enrichment. 2131 

¶ Selective media may affect the growth of Salmonella. It was reported that S. Enteritidis is selected in 2132 

Tetrathionate (TT) broth and S. Schwarzengrund is selected in Rappaport-Vassiliadis (RV) broth (41). 2133 

The shift in serotypes throughout the enrichment time limits the ability to identify Salmonella by 2134 

culture methods. The use of multiple media recipes (i.e., selective, non-selective broths and agar 2135 

plates) mitigates the bias by accounting for variation in sensitivity to selective ingredients and 2136 

atypical biochemical profiles that affect growth on the media. 2137 

¶ Approaches to confirm presumptive Salmonella may only require to sample 1 typical colony from a 2138 

selective plate, to be confirmed (174). Colonies from other selective plates may not be selected if the 2139 

initial colony confirms as Salmonella. Even when a method requires up to 12 colonies to be confirmed 2140 

across three selective plates representing two selective enrichments (174), routine laboratory 2141 

practice may only identify 1-2 colonies. It only requires one isolate to confirm and report a sample as 2142 

positive for Salmonella saving on labor and supplies (41, 126).  2143 
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¶ The shift in serotypes throughout the enrichment time limits the ability to identify Salmonella 2144 

serovars by culture-based approaches. This shift over time may be due to different growth kinetics of 2145 

different serovars in selective media, or possibly to competitive inhibition. Cox et al., 2019 (41) using 2146 

clustered regularly interspaced short palindromic repeats (CRISPR) analyses to differentiate individual 2147 

serovars demonstrated that the Salmonella serovar profile shifted when original isolates from poultry 2148 

carcasses were compared with the serovar profile after enrichment.  2149 

¶ This last example of CRISPR demonstrates one approach to mitigating bias, although this approach is 2150 

not readily available for routine testing in laboratories.  2151 

¶ There are many methods currently and historically available that can differentiate serotypes that are 2152 

commonly associated with disease. Example platforms include PCR-based approaches (e.g., TaqMan, 2153 

MLST), WGS, Riboprinting, and classic serotyping.  However, serotypes are typically identified after 2154 

selective enrichment for Salmonella, which introduces selection bias as discussed above (174).  2155 

¶ Bacterial cells, including Salmonella, could enter a distinct state called the viable but non-culturable 2156 

(VBNC) state which is potentially replicative. This could impact the accurate detection for Salmonella 2157 

in the VBNC state hindering enumeration and underestimation of the viable pathogen (141) 2158 

  2159 

A current study characterizing Salmonella is being conducted at USDA Agriculture Research Service (ARS) 2160 
that will investigate a novel molecular assay for the detection of select Salmonella serovars in raw meat 2161 
enrichments that would identify Highly Pathogenic Salmonella (HPS) preventing the bias of serotyping 2162 
from an isolate [(78) and https://www.ars.usda.gov/research/project/?accnNo=437924)]. The work has 2163 
potential to be applied to poultry samples for culture isolation using Salmonella specific 2164 
immunomagnetic separation (IMS) to determine prevalence, direct plating enumeration of Salmonella 2165 
present within an enrichment to examine limit of detection, the HPS molecular detection assay, and the 2166 
Neogen (legacy 3M) Salmonella Molecular detection assay for comparison to the FSIS approved 2167 
molecular detection method. This study will also characterize all Salmonella isolated for determination 2168 
of serotype and antibiotic resistance (https://www.ars.usda.gov/research/project/?accnNo=437924), 2169 
which is an example of how both identification and detection can be achieved.  2170 
 2171 
Methods for qualitative detection of multiple targets are commercially available, but at the time of 2172 
adoption of this report not all have completed AOAC approval process and refinement of applications. 2173 
FSIS list five AOAC validated rapid tests for Salmonella serotypes or serogroup (iQ-Check S. Enteritidis, 2174 
GENE-UP S. Enteritidis & S. Typhimurium (SEST), RapidCheck SELECT Salmonella Enteritidis Test System 2175 
& RapidChek CONFIRM salmonella Enteritidis Immunomagnetic Separation (IMS) Kit, Thermo Scientific 2176 
RapidFinder Salmonella species, Typhimurium and Enteritidis Multiplex PCR Kit, Reveal 2.0 Group D1 2177 
Salmonella). These methods have been validated for raw poultry product and environmental samples 2178 
(e.g., raw chicken breast, chicken nuggets, boot and drag swabs, stainless steel, shell eggs, chicken 2179 
carcass rinsates, poultry feed, chicken) and could be employed as a screen to determine which samples 2180 
do not contain the target serotype (195). 2181 
As serotypes of concern change over time, multiplex PCR assays can target specific serotypes and others 2182 
are expected to be developed. For example, ANSES (the French Agency for Food, Environmental and 2183 
Occupational Health & Safety) has recently developed and validated a high-throughput qPCR assay able 2184 
to identify 40 Salmonella serotypes, and distinguish different genomic lineages and polyphyletic profiles 2185 
(20). This PCR platform can be used either on complex matrices (e.g., foods, carcasses washes, etc.) for 2186 
rapid screening or with pure isolates as a confirmation step (personal communication, P. Fach, ANSES). 2187 
However, at the time of this publication, it is not yet commercially available. 2188 
 2189 

https://www.ars.usda.gov/research/project/?accnNo=437924
https://www.ars.usda.gov/research/project/?accnNo=437924
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After detection and isolation of Salmonella, commercial Salmonella serotype identification methods can 2190 
be utilized. Two include: 2191 

¶ The Neogen NeoSeek Salmonella serotyping is a technology that utilizes a targeted amplicon 2192 
sequencing approach to identify the serotype(s) of Salmonella present in a sample.  Samples 2193 
may be submitted as isolates or enrichment broths.  If a broth is submitted, up to three 2194 
Salmonella serotypes can be identified if present.  Briefly, sample processing involves extraction 2195 
and purification of DNA, amplification of targets using multiplex PCR, and sequencing on an 2196 
Illumina MiSeq.  Serotypes are called using proprietary software to analyze sequencing results, 2197 
including MLST (Multilocus sequence typing) targets. This service is not AOAC validated. 2198 
(https://www.neogen.com/categories/bacterial-sequencing/neoseek-salmonella-2199 
serotyping/?recommendationId=2128188658911; accessed October 29, 2022). 2200 

¶ Check & Trace Salmonella (CTS) is a rapid genetic test based on a microarray platform to identify 2201 
Salmonella serotypes (50). Each position on the microarray represents a specific DNA marker 2202 
associated with a unique Salmonella target sequence. Spots only become visible if the DNA 2203 
markers exactly match the corresponding DNA sequences of the Salmonella isolate. The 2204 
combination of present and absent spots yields a pattern. The database includes top serotypes 2205 
from outbreaks although is limited and is periodically updated. This method is AOAC 2206 
Performance Tested Method (PTM) validated (6) 2207 

 2208 

Research is needed to address the items listed above to mitigate bias in Salmonella detection and 2209 

specifically changes in the serotypes of concern due to virulence. A list of select research needs is 2210 

reported in Question 9.      2211 

 2212 

Q8. How should pathogen characteristics derived from whole genome sequencing (e.g., serotype, 2213 

virulence, antimicrobial resistance) be considered in the development of microbiological criteria?   2214 

 2215 

There is insufficient information on the presence and absence of genes correlated with pathogenicity 2216 

and virulence to make recommendations, at the time of writing this document.  2217 

 2218 

8.1 Recent WGS-based advancements in Salmonella characterization  2219 

Numerous studies support that Whole Genome Sequencing (WGS) is a critical element in establishing 2220 

microbiological criteria for Salmonella. WGS can define serotype, predict antimicrobial resistance 2221 

profiles, and offer considerable insight into virulence capacity of an isolate as thoroughly reviewed in 2222 

Cheng et al., 2019 (37).  The greatest value of WGS is at the convergence of serotype, epidemiological, 2223 

and phenotypic data to differentiate Salmonella with high public health relevance from Salmonella of 2224 

limited public health relevance.  Some serotypes in the US (e.g., S. Cerro, S. Kentucky)(24) are much less 2225 

likely to cause severe, invasive human disease than others (e.g., S. Choleraesuis, S. Dublin 2226 

(88)).  However, S. Kentucky has also been identified as a highly invasive strain, notably in Africa (84)  2227 

 2228 

WGS can be used to differentiate hypo- and hypervirulent serovars and clades by leveraging data 2229 

beyond serotyping. The presence or absence of virulence genes can and have been defined by WGS. 2230 

Thus, WGS can contribute to identifying and weighting relevant strain characteristics, including 2231 

virulence, which inform best targets for control resulting in the greatest public health benefit.  example, 2232 

WGS studies found that S. Cerro isolates have a premature stop-codon in sopA (92, 145), which 2233 

contributes to host cell entry (138). S. Kentucky is the most commonly isolated serovar from broiler 2234 

https://www.neogen.com/categories/bacterial-sequencing/neoseek-salmonella-serotyping/?recommendationId=2128188658911
https://www.neogen.com/categories/bacterial-sequencing/neoseek-salmonella-serotyping/?recommendationId=2128188658911
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chickens in the United States (172), yet constitutes 0.1% of reported human salmonellosis cases (24). 2235 

These S. Kentucky isolates lack the virulence genes (e.g., grvA, sseI, sopE, and sodCI  (13, 37) and other 2236 

metabolism-associated genes (167) that may reduce its ability to cause severe disease.  2237 

  2238 

Recent phylogenetic analyses have determined that commonly isolated serovars (Newport, Montevideo, 2239 

Kentucky, Paratyphi B, Derby, Nchanga, Cerro, Bareilly, Stanleyville, Dusseldorf, Livingstone, and others) 2240 

are polyphyletic (23, 49, 155, 170, 217, 218). This underscores that serotype alone cannot define the 2241 

relative virulence potential of a strain. There are also important clinical implications of 2242 

polyphyletic Salmonella serovars whereas clades of the same serovar differ in the virulence factors that 2243 

they encode (108) . One example of this is Salmonella Kentucky where two distinct clades have been 2244 

defined by WGS. (35)  2245 

 2246 

8.2 Current limits to WG sequencing to characterize pathogen virulence 2247 

There are several limitations to WGS to characterize pathogen virulence. First, there is a need to expand 2248 

the public databases (e.g., NCBI) of sequenced isolates associated with illness to determine if eliminating 2249 

a serotype by intervention strategies implemented by the poultry industry will simply give rise to 2250 

another serotype. Research on polyphyletic serovars will offer more insight.  2251 

 2252 

Numerous virulence factors have been identified that contribute to Salmonella pathogenicity (45, 147).  2253 

The interactions of these factors and the resulting strain virulence and pathogenicity has not been 2254 

completely elucidated, but single genes and pathogenicity islands have been identified as key virulence 2255 

traits. However, there is currently no agreed-upon definition of virulence genes presence/absence 2256 

profile that can reliably predict severity of disease. 2257 

 2258 

Host-interactions (e.g., environmental conditions) further complicate the ability to predict virulence.  For 2259 

example, in a study examining the pathogenicity islands (SPI) from Salmonella isolated from different 2260 

environments that included warm blooded mammals (porcine, bovine, equine, and avian), environment, 2261 

and human clinical isolates, it was observed that SPI-1, SPI-3, and SPI-5 had genetic variation across the 2262 

13 Salmonella serovars tested, while SPI-2 and SPI-4 were well conserved across the same serovars 2263 

examined. 2264 

 2265 

There is emerging potential for WGS data to be incorporated into quantitative microbial risk 2266 

assessments (QMRA), but it is currently limited by lack of standardization in assembly, processing, and 2267 

integration of WGS and metadata (35) . The application of WGS to further inform QMRAs and selectively 2268 

assess serovars of concern is further discussed in Question 1. 2269 

 2270 

Nevertheless, WGS subtyping adds an additional level of discriminatory power that can be used to aid 2271 

epidemiologic investigations of traceback studies. With continued WGS, a better understanding of 2272 

important virulence traits and their association with foodborne illness outbreaks may be possible.  2273 

 2274 
Q9 Research needs: Data and analytic gaps:  2275 
Question 1 and 4 data gaps 2276 

¶ Update estimates of the health burden of salmonellosis and other foodborne diseases at regular 2277 
intervals 2278 
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¶ Analysis of CEA FoodNet data linked with PulseNet to provide next generation of attribution. 2279 

¶ With appropriate anonymization, add sequences of Salmonella isolates from live animal 2280 

sampling from poultry labs, APHIS field studies and NVSL to national databases, as well as from 2281 

sampling of feed and feedstuffs.   2282 

¶ Conduct a risk assessment that determines the public health impacts of different risk-based 2283 

Salmonella control strategies to enhance our ability to select and implement risk-based 2284 

Salmonella control strategies.  This will require substantially more data to inform which strategy 2285 

will have the largest public health impact.  For example, it remains unknown whether a 2286 

reduction in Salmonella levels in food or a more targeted reduction in specific serotypes or 2287 

subtypes would result in fewer cases of salmonellosis. 2288 

¶ Complete the Salmonella quantitative risk assessments for chicken and poultry to answer risk 2289 

management questions. https://www.fsis.usda.gov/inspection/inspection-programs/inspection-2290 

poultry-products/reducing-Salmonella-poultry/Salmonella-1  2291 

¶ Assess the role of antimicrobial use for Salmonella control at preharvest (and its change as a 2292 

result of implementing a MC and associated Salmonella control measures) in the burden of 2293 

poultry-attributable human salmonellosis, and more widely to the spread of antimicrobial-2294 

resistant Salmonella and genes. 2295 

¶ Assess health impacts associated with long-term health sequelae of Salmonella infection, and 2296 

account for such burden and costs in cost-benefit analyses. 2297 

¶ Collect quantitative information needed for QMRAs including Salmonella prevalence, levels and 2298 

subtypes of concern on poultry within a product lot, between product lots, product form 2299 

(ground vs. parts, etc.)  and between slaughter and processing establishments. 2300 

¶ Refine attribution models that differentiate illness associated with different products, 2301 

specifically with comminuted, parts, or whole carcasses to focus resources for intervention on 2302 

highest risk poultry products. 2303 

¶ Identification of those Salmonella serotypes or subtypes that pose the greatest concern (e.g., 2304 

most virulence) and their presence in specific poultry products. 2305 

¶ Dose-response data and fitted relationships for Salmonella serotypes of concern. 2306 

¶ Evaluate the frequency of consumer handling and type of preparation practices for specific 2307 

types of poultry products that contribute to potential for cross-contamination with other foods 2308 

or undercooking.  2309 

¶ Conduct studies on transfer coefficients for transfer of the amount of Salmonella to other foods 2310 

and food contact surfaces during consumer preparation of poultry products as part of meals 2311 

¶ Study human behavior as a route of transmission during normal consumer preparation of 2312 

poultry products. 2313 

¶ Develop public awareness campaign to educate consumers on proper handling, preparation, 2314 

cooking and storage practices for carcasses, parts, and ground poultry products.  2315 

¶ Increase the number of Salmonella isolates sequenced from produce and other non-2316 

meat/poultry sources to strengthen the IFSAC Source attribution model  2317 

¶ Expand NARMS or other sampling to include animal feeds and feed ingredients, as well as 2318 

poultry-based pet foods. 2319 

https://www.fsis.usda.gov/inspection/inspection-programs/inspection-poultry-products/reducing-salmonella-poultry/salmonella-1
https://www.fsis.usda.gov/inspection/inspection-programs/inspection-poultry-products/reducing-salmonella-poultry/salmonella-1
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¶ Examine the results from 2020 and 2021, when the COVID19 pandemic perturbed many aspects 2320 

of the food supply.  If there were food source-specific effects, then future estimations may need 2321 

to consider excluding those years from more general models of attribution.   2322 

¶ When metagenomic models are available, assess the presence of even low numbers or relevant 2323 

serotypes in samples from farm or slaughterhouses.     2324 

 2325 

Question 2 data gaps 2326 

¶ Continue research to determine if non-Salmonella quality indicator sampling could be 2327 

implemented, that would provide guidance to companies on which houses have a higher 2328 

probability of Salmonella contamination. 2329 

¶ Develop a cost-benefit assessment for the U.S., accounting for both intervention 2330 

implementation costs and cost of illness, for various degrees of standard stringency including 2331 

qualitative non-detection of Salmonella in flocks. 2332 

¶ Identify industry practices that alter the presence and variability of Salmonella serovars 2333 

between lots of product. 2334 

¶ Eliminate conditions in house that encourage Salmonella. 2335 

¶ Develop cultures for Competitive Exclusion that are capable of controlling more than a single 2336 

serotype. 2337 

 2338 

Question 3 data gaps  2339 

¶ Conduct research to determine if qualitative and/or quantitative testing and processing 2340 

scheduling would significantly affect the number of Salmonella-positive processed carcasses.   2341 

¶ Increase the FSIS sampling frequency and sequencing of Salmonella isolates from different types 2342 

of poultry, including comminuted poultry products, mechanically separated meat, breaded raw 2343 

stuffed chicken, and other highly processed products. 2344 

¶ Expand training and knowledge for plant personnel in statistical process control and Continuous 2345 

Improvement methodologies. 2346 

¶ Continue research to determine if qualitative and/or quantitative testing and resulting changes 2347 

in processing scheduling would significantly affect the number of positive processed Salmonella 2348 

positive carcasses.   2349 

¶ Develop predictive microbiology models (i.e., growth, survival and thermal inactivation) and/or 2350 

biomapping studies characterizing the responses of Salmonella prevalence, concentration, and 2351 

subtypes to operation/handling conditions during processing and post-processing steps 2352 

¶ Collect evidence on public health impacts of preharvest vs postharvest MC (or an integrated 2353 

combination). (Q2 and Q3) 2354 

¶ Collect Evidence on incentives and BCA on preharvest vs postharvest MC (or an integrated 2355 

combination). (Q2 and Q3) 2356 

 2357 
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Question 5 data gaps: 2358 

¶ Provide incentive for industry to deposit data (anonymized, nonpunitive) on the presence or 2359 

concentration of an indicator (such as APC or others), and the presence/prevalence or 2360 

concentration of Salmonella (possibly by serotype), in the finished product and/or at critical 2361 

processing stages in the establishment. Use pooled data to develop a comprehensive analysis of 2362 

quantitative relationship between indicators and Salmonella 2363 

¶ Develop trend analyses and root cause analyses quantitatively linking indicators levels (or other 2364 

process control metrics, such as variability, trends, or changes between processing stages) to 2365 

presence or concentration of Salmonella in the finished product and/or at critical processing 2366 

stages in the establishment. 2367 

 2368 

Question 6 data gaps 2369 

¶ Develop detection and enumeration methods that are based on virulence rather than serotypes 2370 

that are changing over time 2371 

¶ Develop enumeration methods that are more laboratory friendly considering operational 2372 

workflow. 2373 

¶ Develop a probabilistic evaluation of the accuracy of qPCR methods at the concentrations found 2374 

in poultry and poultry products.   2375 

¶ Estimates of sensitivity and specificity of quantitative Salmonella assays 2376 

 2377 

Question 7 data gaps 2378 

¶ Develop and evaluate methods that reduce or eliminate the preenrichment step of methods. 2379 

Investigate the power of whole genome sequencing to accomplishment this. 2380 

¶ Evaluate media recipes specifically with relevant serotypes from poultry and competition within 2381 

the matrices of concerns  2382 

¶ Determine the significance of atypical phenotypical and biochemical strains of Salmonella that 2383 

routine laboratories may be down selecting during analyses. 2384 

¶ Evaluate enrichment conditions impacting growth of strains of concern (time, temperature, 2385 

media formulation, detection).  2386 

¶ Develop metrics to evaluate and mitigate bias in detection, isolation, isolation and identification 2387 

methods.  2388 
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Table 1. Risk assessments of the impact of microbiological criteria (MC) for Salmonella and poultry. 3107 

Article/Report Main topic Country Reference 

Ebel and Williams 

(2015) 

Assess effectiveness of qualitative testing results 

sufficient in predicting a reduction in illnesses in a 

microbiological food safety risk assessment. 

U.S. (53) 

Ebel and Williams 

(2020) 

Risk-based modelling assessment of the 

effectiveness of revised performance standards 

for Salmonella contamination of comminuted 

poultry.  

U.S. (54) 

Ebel et al. (2012) Simplified framework for predicting changes in 

public health from performance standards applied 

in slaughter establishments.  

 

U.S. (55) 

EFSA (2011) Risk-based modelling assessment in support of 

MC for Salmonella in poultry. 

E.U. (66) 

EFSA (2010) Link between Salmonella MC at different stages of 

the poultry chain. 

E.U. (57) 

FSIS (2015) Risk-based modelling assessment of public health 

effects of raw chicken parts and comminuted 

chicken and turkey performance standards. 

(Salmonella and Campylobacter). 

U.S. (189) 

 

 

FSIS (2011) Risk-based modelling assessment of Salmonella 

and Campylobacter performance guidance for 

young chicken and turkeys. 

U.S. (185) 

 

Lambertini et al. 

(2019) 

Risk-based modelling assessment comparing 

different prevalence- and concentration-based 

MC for Salmonella in chicken parts (finished 

product). 

U.S. (95) 

Lambertini et al. 

(2021) 

Risk-based modelling assessment of a specific 

quantitative MC in comminuted turkey (finished 

product). 

U.S. (95) 

Mead et al. (2010) Factors affecting MC for Salmonella in raw poultry U.S. (106) 

Oscar (2021) Assessing Salmonella prevalence as indicator of 

poultry food safety. 

U.S. (130) 

Williams et al. 

(2022) 

Risk-based assessment of the effectiveness of 

performance standards based on APC 

for Salmonella contamination of chicken parts. 

U.S. (211) 

Additional supporting work on MCs in poultry OR Salmonella (examples) 

EFSA (2011) Includes risk-based modelling assessment of 

performance targets for Campylobacter in broiler 

meat; includes impact of different control options. 

E.U. (58) 

 

FSIS (2022) Risk assessment on performance standards for 

Salmonella in pork. 

U.S. (199) 



NACMCF Salmonella-Poultry_Final17Mar2023-Corrected.docx 
 74 
ADOPTED NOVEMBER 15, 2022 

Article/Report Main topic Country Reference 

FSIS (2019) Public health effects of performance standards for 

ground beef and beef 

manufacturing trimmings (Salmonella). 

U.S. (192) 

Nauta et al. (2012) Risk-based Campylobacter MC in poultry. E.U.  (122) 

Nauta et al. (2015) Comparison of two MC approaches: 

microbiological limit, and relative risk limit 

(Campylobacter in broilers). 

general (121) 

Swart (2013) Risk-based Campylobacter MC in poultry. NL (165) 

Williams et al. 

(2017) 

Assessing impacts of a MC based on indicator 

organisms, for Salmonella (and E. coli O157:H7) in 

beef carcasses. 

U.S. (210) 
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Table 2. Key variables to model microbiological criteria (MC) using quantitative microbial risk 3108 

assessment (QMRA) approaches. 3109 

Parameter/Variable Description 

Production/processing stage Stage where samples are collected (may be multiple) 

Proportion of establishments  Proportion or number of establishments on which the 

MC assessment is based. May be 100% or a subset, by 

type of establishment. 

Number of lots/units produced per 

time unit (e.g., per week) 

Production may differ by establishment category. 

Lot size Weight of product in each lot (lbs./lot) 

Prevalence of Salmonella, by serovars Number of positives out of total samples tested. If MC 

selectively targets serovars of concern, results should 

be provided by serovar.  

Concentration distribution, within lots Parameters needed to describe the distribution of 

concentration within each lot (CFU/g) 

Concentration variability across lots If applicable; represents variability in concentration 

across lots. Modeling approach may vary. 

Concentration variability across 

establishments 

If applicable; represents variability in contamination for 

different establishment groups. 

Number of lots/units sampled per time 

unit 

Number or proportion of lots sampled per time unit 

Lot sampling algorithm Testing protocol within MC determines which lots are 

sampled, e.g., systematic, randomized, tier randomized. 

Pooled sampling approach (if 

applicable) 

Which samples are pooled, how many and weight of 

each. 

Number of samples per lot MC parameter. Number of individually analyzed 

samples (not pooled). 

MC concentration threshold MC parameter. Multiple thresholds can be established. 

In presence/ absence MC, m is the detection limit of the 

assay 

Number of samples allowed to be 

above the MC threshold, among the n 

samples. 

If applicable. MC parameter. 

Assay sensitivity Ability of the assay to detect the target, if the target is 

present. Tied to the rate of false negatives. 

Assay specificity Ability of the assay to exclusively detect the target 

instead of other organisms. Associated with the rate of 

false positives. 

Assay limit of detection (LOD) Number of cells in a sample (or per g or ml) that would 

yield the assay to reliably detect the sample as 

άǇƻǎƛǘƛǾŜέΦ {ŜŜ ƎƭƻǎǎŀǊȅΦ 
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Parameter/Variable Description 

Assay limit of quantification (LOQ) Number of cells in a sample (or per g or ml) above 

which the assay can reliably and accurately quantify 

concentration. See glossary. 

Batch-level risk management action in 

case MC is not met (food safety 

criteria), and associated reduction in 

target organism in product 

E.g., a lot not meeting a MC may undergo additional 

processing that results in a known Log CFU/g reduction. 

Different tiers of action can be established if there are 

multiple tiers of MC compliance.  

Establishment-level risk management 

action in case MC is not met (process 

hygiene criteria), and associated 

reduction in target organism in product 

(directly or indirectly) 

Quantitative impact of establishment-level corrective 

action. E.g., establishment whose product or 

environmental/ process control samples have not met 

the MC undergoes in-depth cleaning known to bring the 

process variable within control, or to or target to a 

specified level, or yield a specified reduction. 

Level of implementation of risk 

management actions 

Proportion of establishments or lots where corrective 

action is implemented; may be by establishment 

category. 
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Table 3. U.S. Sources of Salmonella surveillance information. 3110 

 3111 

Case-based surveillance 

National Salmonella 

Surveillance System 

Case-based reporting from State and local health department epidemiology 

offices to CDC.  This includes serotype for the great majority.   Summarized in 

2016 46,623 cases were reported (of which 39,980 were serotyped) (24) 

PulseNet Individual clinical isolates of Salmonella are sequenced in local and state public 

ƘŜŀƭǘƘ ƭŀōƻǊŀǘƻǊƛŜǎ ŀƴŘ ǊŜǇƻǊǘŜŘ ǘƻ /5/Ωǎ tǳƭǎŜbŜǘ ŘŀǘŀōŀǎŜΦ  ¢ƘŜȅ ŀǊŜ 

summarized in BEAM Dashboard, starting with data from 2017. Between 2017 

and 2019 a mean of 41,278 Salmonella isolates were reported to PulseNet (27).  

CDC and state health departments test human isolates, FSIS and FDA test non-

human strains.   

National Notifiable 

Disease Surveillance 

System (NNDSS) 

This is information reported to CDC about diagnosed salmonellosis cases and 

other notifiable diseases that does not include serotype.  It is summarized 

annually on the NNDSS website (31) 

Outbreak-based surveillance 

Foodborne Disease 

Outbreak Surveillance 

System (FDOSS) 

Foodborne Disease Outbreak Surveillance System (FDOSS)(28), as reported to 

the National Outbreak Reporting System (NORS)(33) by local and state health 

departments and investigating offices at CDC. Summarized on NORS Dashboard 

website (33).  Between 2016-2019, an annual mean of 143 foodborne 

salmonellosis outbreaks were reported.     

Specialized surveillance 

FoodNet tŀǊǘ ƻŦ ǘƘŜ /5/Ωǎ 9ƳŜǊƎƛƴƎ LƴŦŜŎǘƛƻƴǎ bŜǘǿƻǊƪΣ ŀƴŘ ǎǳǇǇƻǊǘŜŘ ōȅ C{L{ ŀƴŘ C5!Σ 

10 state and large county group sites report all diagnosed infections of 7 types 

of bacteria, including salmonellosis, since 1996.  Since 2014, a subset of 

patients Ƙŀǎ ōŜŜƴ ƛƴǘŜǊǾƛŜǿŜŘ ŀōƻǳǘ ŀ ǎǘŀƴŘŀǊŘƛȊŜŘ ǎŜǘ ƻŦ ŜȄǇƻǎǳǊŜǎ όά/ŀǎŜ 

9ȄǇƻǎǳǊŜ !ǎŎŜǊǘŀƛƴƳŜƴǘέύ ŀƴŘ these data are linked with corresponding 

PulseNet, NARMS, and outbreak data.   FoodNet data are summarized in annual 

and periodic publications and at FoodNet Fast (26).  Between 2016 and 2019, a 

mean of 8472 salmonellosis cases were reported to FoodNet, of which 10% 

were travel-associated, 7% were outbreak associated, and 10% were diagnosed 

by culture-independent methods alone (26).        

National Antimicrobial 

Resistance Monitoring 

System (NARMS) 

A tri-agency collaboration since 1997.  CDC measures the antimicrobial 

susceptibility of a sample of 1 out of 20 of Salmonella isolates from humans, 

referred by State public health labs.   FDA tests retail samples of meat and 

poultry for Salmonella and other organisms, and FSIS tests samples gathered 

during inspection (poultry cecal samples since 2013).  Human NARMS is 

summarized at the NARMS NOW website (25). Between 2016 and 2019, 

NARMS CDC tested an annual mean of 2543 Salmonella strains per year.  

Results for testing by FDA and FSIS are also available on respective websites 

(178, 198)  

 

3112 

https://wwwn.cdc.gov/norsdashboard/
https://wwwn.cdc.gov/norsdashboard/
https://wwwn.cdc.gov/foodnetfast/
https://wwwn.cdc.gov/narmsnow/
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Table 4. Salmonella Poultry Performance Standards (191) 3113 

Product Performance Standard* Maximum Acceptable 

Percent Positive 

Minimum Number of 

Samples to Assess 

Process Control** 

Broiler Carcasses 5 of 51  9.8% 11 

Turkey Carcasses 4 of 56 7.1% 14 

Comminuted Chicken 13 of 52 25% 10 

Comminuted Turkey 7 of 52  13.5% 10 

Chicken Parts 8 of 52      15.4% 10 

 3114 

*The performance standard is represented as a fraction of maximum allowable positives over the target 3115 

number of samples collected and analyzed in a 52-week window. 3116 

**FSIS must analyze at least this number of samples in a single 52-week window in order to categorize 3117 

an establishment for the standard listed. 3118 
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Appendix A. Glossary. 3119 

Term Definition 

Colony-forming Units 

(CFUs) 

CFUs is an estimation of the number of viable microbial cells in a sample. CFUs 

are typically expressed as a rate per unit of volume or mass such as CFU/g or 

CFU/ml 

Fit-for-purpose Demonstration (validation) that a specific method delivers expected results in 

a specific matrix or conditions, in relation to the purpose of the 

information/results. 

Infectivity The ability of an organism to cause infection. In risk assessments, this is 

incorporated as the probability of human infection following oral exposure to 

any amount of Salmonella. This probability can vary depending on pathogen 

factors such as the serovar or subtype, and host susceptibility.  

Limit of Detection (LoD) LoD is the lowest concentration of microbial cells that can be reliably detected 

using a standard test.  

Limit of Quantification 

(LoQ) 

LoQ is the lowest concentration of microbial cells that can be quantified based 

on predefined goals for of confidence in the estimation. LoQ is typically higher 

than the LoD as estimating a numerical value requires more information than 

requiring a positive/negative result 

Key Performance 

Indicators (KPI) 

Critical (key) indicators of progress toward an intended result or goal. Per FSIS:  

άThe KPI will measure the percent reduction in raw poultry samples 

contaminated with Salmonella serotypes commonly associated with human 

illness as a percentage of all samples analyzed for all types of Salmonella 

contamination. The samples considered in the KPI are those collected from 

products subject to a performance standard (i.e., from chicken parts, chicken 

and turkey carcasses, and comminuted chicken and turkey).έ(197) 

Mean Time Between 

Failure (MTBF) 

aŜŀƴ ǇŜǊƛƻŘ ƻŦ ǘƛƳŜ ōŜǘǿŜŜƴ ǘǿƻ άŦŀƛƭǳǊŜǎέΣ i.e., the inverse of the frequency 

of failure, where failure is defined as an episode of departure from a set target 

or standard (which may or may not have regulatory relevance). 

Microbiological criteria 

(MC) 

Also called performance standards, MC defines the acceptability of a product 

based on presence (absence) or number of microorganisms per unit of the 

product. It can also be based on a biomarker of the microorganism, such as 

toxins, metabolites, or genetic components. The product unit can be defined 

as a lot, volume, mass, or area.   

Omics Characterization and quantification of pools of biological molecules that 

translate into the structure, function, and dynamics of an organism or 

organisms. Includes disciplines such as genomics, proteomics, metabolomics, 

metagenomics, phenomics and transcriptomics. 

Pathogenicity The ability of an organism to cause disease. In risk assessments, this is usually 

modeled as the probability of clinical disease given infection.  This probability 

can vary depending on pathogen factors such as the serovar or subtype, and 

host susceptibility 

https://en.wikipedia.org/wiki/Genomics
https://en.wikipedia.org/wiki/Proteomics
https://en.wikipedia.org/wiki/Metabolomics
https://en.wikipedia.org/wiki/Metagenomics
https://en.wikipedia.org/wiki/Phenomics
https://en.wikipedia.org/wiki/Transcriptomics
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Term Definition 

Performance standards The establishment of system standards, targets and goals to improve public 

health practices.  Performance standards set the results to be achieved but 

not the specific means used to achieve those results 

Performance Tested 

Methods (PTM) 

An AOAC program that provides a third-party review and certification for 

proprietary test method performance 

Poultry  Domestic food producing birds, specifically chickens (Gallus gallus domesticus) 

and turkey (Meleagris gallopavo domesticus) 

Quantitative microbial risk 

assessment (QMRA) 

Quantitative microbial risk assessment is a mathematical modeling approach 

used to estimate the risk of infection and/or illness when a population is 

exposed to microorganisms from a variety of sources, in this case in foods. 

QMRA estimates can be used to predict the potential reduction (increase) in 

foodborne illnesses resulting from the implementation of strategies to 

mitigate foodborne pathogens in foods. 

Serotype  See serovar definition 

Serovar  The term serovar is used to distinguish groups within a Salmonella species 

that share distinctive surface structures, namely the O surface antigen and the 

H antigen that is part of the flagella (7). Consequently, serovars represent 

phenotypical differences between individual bacteria belonging to a 

Salmonella species, and do not necessarily represent evolutionary differences 

as elucidated in the Salmonella genome. Note that in this report, the term 

serovar and serotype are used interchangeably. 

Subtype  Salmonella subtype is a term used to distinguish differences within a serovar 

(serotype), such as defined using Whole Genome Sequencing (WGS), Pulsed-

field gel electrophoresis (PFGE) or Multi-Locus Sequence Typing (MLST). 

Subtyping provides a more detailed characterization of heterogeneity 

between Salmonella bacteria than serovar groupings as it is based on genetic 

differences. 

Test sensitivity The probability that a test performed on a contaminated sample will yield a 

positive result. For qualitative (positive/negative) test results, this probability 

is affected by the limit of detection of the test, whereas for quantitative test 

results the probability is affected by the limit of quantification.    

Viable but not culturable 

bacteria 

Bacteria that are in the state of exceptionally low metabolic activity and do 

not divide, but are alive and have the ability to become culturable once 

resuscitated 

Virulence The ability of an organism to cause severe illness. In risk assessments, this is 

usually modeled as the probability of severe illness given infection.  Virulence 

ƛƴ ōŀŎǘŜǊƛŀ ƛǎ ƳŜŘƛŀǘŜŘ ōȅ ƎŜƴŜǎ ƻŦǘŜƴ ŎŀƭƭŜŘ άǾƛǊǳƭŜƴŎŜ ŦŀŎǘƻǊǎέΦ .ƻǘƘ 

pathogen and host factors contribute to whether disease occurs and to 

disease severity 
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Appendix B. Supporting resources for Questions 1-7  3120 

 3121 

Figure 1. Estimated percentage of foodborne Salmonella illnesses (with 90% credibility intervals) for 2020, in descending order, attributed to 3122 

each of 17 food categories, based on multi-year outbreak data,* United States (86). 3123 

 3124 

*Based on a model using outbreak data that gives equal weight to each of the most recent five years of data (2016-2020) and exponentially less 3125 

weight to each earlier year (1998-2015).  3126 

Over 75% of illnesses were attributed to seven food categories: Chicken, Fruits, Pork, Seeded Vegetables (such as tomatoes), Other Produce 3127 

(such as fungi, herbs, nuts and root vegetables), Beef, and Turkey.  3128 

The credibility intervals for each of the seven food categories that account for 77.5% of all illnesses overlap with some of the others.  3129 


